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ABSTRACT
The theoretical advantages of ground-satellite optical communication systems can only 
be exploited, if means can be found to circumvent the limitations due to atmospheric 
effects. Atmospheric turbulence dominates the analysis and design of these links. The 
effects of atmospheric turbulence on the performance of ground-satellite optical 
communication systems and possible countermeasures are investigated in this thesis.
The design and analysis of any optical system operating in the atmosphere requires 
empirical investigations of atmospheric turbulence conditions at the system’s location. 
Stellar observations provide a useful and convenient means for this purpose in the case 
of ground-satellite optical communications. The available techniques are reviewed. 
The experimental setup for a particular technique is described and initial results are 
presented.
We were involved in the first ever ground-satellite optical communication experiments 
conducted between Japanese Engineering Test Satellite VI and a ground station in 
Tokyo. One issue which has not yet been satisfactorily resolved is the probability 
density function (PDF) of intensity fluctuations. It was theoretically shown that the 
PDF approaches a negative exponential in the veiy strong turbulence region. 
Experimental evidence is presented in support of this prediction. The ETS-VI 
experiment results also confirm that too large a beam size can have significantly 
deleterious effects on fading performance.
Early analyses predicted drastic reductions in uplink on-axis scintillation variance with 
increasing beam size. As the beam size is increased, the scintillation variance gradient 
off the beam centre becomes large, and eventually the limitation of the first-order 
theory is exceeded. An explicit limit on the beam size is identified in this thesis: the 
beam radius must not exceed a third of the coherence scale.
Analyses also predict that appropriately converging the beam results in less 
scintillation compared to a collimated beam. During the ETS-VI experiment we were 
not able confirm this prediction. Supplements to the first-order theory also suggest 
that converging beams behave very similarly to collimated beams. This makes the 
uplink beam size the single most important adjustable parameter.
Possible countermeasures to the atmospheric turbulence effects are identified and 
reviewed separately for the downlink and the uplink. It is emphasized that uplink 
transmitter beam size is a crucial design parameter and its optimum value changes 
continuously according to changing turbulence conditions along the propagation path. 
A previous study concluded that the optimum beam size is of the order of the 
coherence scale. It is shown that the optimum size is critically dependent on beam 
wander and pointing accuracy, and can in fact be much smaller. A novel 
countermeasure is proposed in which the uplink transmitter beam size is controlled in 
real time in response to measured turbulence parameters to maximize mean intensity 
and minimize fluctuations at the satellite receiver.
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GLOSSARY
INTRODUCTION
Ground-satellite optical links are being envisioned as the ultimate solution to the 
increasing bottleneck problem between satellite and optical fibre networks. This work 
is partly based upon participation in the first ever ground-satellite optical 
communication experiments and analysis o f the collected data. Atmospheric 
turbulence dominates the analysis and design of these links. The effects of 
atmospheric turbulence on the performance of ground-satellite optical communication 
systems and possible countermeasures are investigated in this thesis. A novel 
countermeasure which improves the uplink performance is proposed.
1. 1. INTRODUCTION
Unguided optical communication systems were the subject of a great deal of research 
and development activity between 1960 (invention of laser) and 1970. The first 
proposal for an optical waveguide was in 1966 and first reasonably low-loss 
waveguides were realized in 1970. Optical fibre technology entirely dominated 
research activity in the years following 1970 with only a few specialized unguided 
applications being pursued. The main reason for this trend is the atmospheric effects 
that limit reliable communication in optical wavelengths. One of the surviving 
applications was satellite communications.
The interest in optical communications for satellite applications stem from the much 
higher operating frequency, some seven or eight orders of magnitude higher than RF 
systems. This provides the three main advantages: (1) greater bandwidth, (2) smaller
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beam divergence angles, (3) smaller antennas, and new regions of the available 
spectrum for which there are no regulatory restrictions. Mass, power and volume 
comparisons show typically that optical systems have about one-third the mass of 
microwave systems, consume one-half or less the prime power and occupy one-third 
to one-tenth the volume [Marshalek et al., 1996].
Optical communications is beginning to be accepted as a viable and reliable means of 
transferring data between satellites, from satellites to terminals on the earth’s surface, 
or from satellites to aircraft. Progress in technology development over the past 30 
years has finally led to reliable laser sources that can maintain consistent performance 
under modulation. This was followed by successful advancements in acquisition, 
pointing and tracking mechanisms, which over the years had been perceived as the 
most challenging problem of satellite-borne optical communication systems. 
Improvements in detector performance have also been realized.
For the time being, ground-satellite communication systems in use still rely on 
microwave frequencies. However, what is developing is a bottleneck on microwave 
up/down links owing to the increasing competition for bandwidth. Fibre optics 
backbone networks already exist mnning at several gigabits and this data rate will go 
up in the future. Satellite constellations will certainly have their own high speed 
backbone network in the future. The data rates will have to be compatible with fibre 
optics for them to be competitive, and for data to be transferred back and forth as will 
be required in many applications and circumstances. Among various alternatives that 
could help overcome this problem, optical communications is being identified as the 
most promising technology [De Paula, 1996]. In unguided optical communications, 
the data rate capacity is theoretically the same as the fibre optics network, because of 
the use of the same optical frequency carrier. Of course, this is true only if means 
could be found to circumvent the limitations due to atmospheric effects.
Such applications typically require high link availability (>98%). However, space- 
ground optical communication systems are severely influenced by intervening cloud-
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cover, with essentially complete extinguishment of the link occurring during even light 
cloud-cover. The solution to the weather outage problem is to construct a set of 
spatially diverse ground stations interconnected with fibre optics. Cloud-free line of 
sight statistics suggest that typically 3 to 5 ground sites are required for 98% to 99% 
availability [Chapman and Fitzmaurice, 1991]. Unfortunately, clear-weather 
propagation of laser beams is not free of problems. Firstly, a laser signal propagating 
through clear-weather is subject to attenuation due to absorption of radiation and 
Rayleigh scattering by atmospheric constituents. The atmospheric transmissivity varies 
drastically as a function of wavelength, and contains regions of high transmissivity 
called "atmospheric windows" separated by sharp dips. By selecting appropriate 
wavelengths these dips can be avoided and average transmissivities up to 50 to 80% 
can be achieved for vertical paths. Secondly, laser beams are severely affected by 
atmospheric turbulence. The effects of atmospheric turbulence on ground-satellite 
optical communication systems and the techniques for overcoming these effects is the 
subject of this thesis.
Government-sponsored developmental programs for satellite optical communications 
in the United States dates back three decades to the early sixties. Unfortunately, most 
of these developmental programs were terminated prematurely due mainly to funding 
cutbacks, underdeveloped technology, difficulty in space package design and 
qualification. Whilst the United States has been stmggling to put a system into space, 
European and Japanese programs have made steady and consistent progress. Japanese 
Engineering Test Satellite VI, launched in August 1994, became the first ever satellite 
carrying an optical communications package. Ground-satellite optical communication 
experiments were conducted between December 1994 and July 1996 by 
Communications Research Laboratory (CRL). University of Surrey collaborated with 
CRL during and after the experiments. The author visited Japan three times and 
spent a total of six months to take part in collaborative experiments. Our link with 
CRL and its relevance to this thesis is described in Section 1.5.
Introduction
1.2. APPLICATIONS
There are several application areas that can benefit from ground-satellite optical 
communication technology including military, governmental and commercial 
applications. A separate discussion of each area follows.
1. 2. 1. Military Applications
Satellite-to-ground optical links will have to compete, at least for the time being, with 
RF links for military applications. RF signals can penetrate clouds, rain, fog, smoke 
and dust much more efficiently than optical signals. However, there are scenaiios 
where optical links can offer significant advantages.
One case is where the satellite communicating to ground is severely restricted in mass 
and/or volume. In such a situation, use of optical technology permits a much smaller 
and lighter weight terminal to be placed on the spacecraft.
Another occurs when it is important that the transmission to the ground has a low 
probability of intercept (LPI). An RF transmission may make a footprint several 
hundred kilometres in diameter on the ground while an optical communication system 
would produce a footprint of only several hundred meters and very low sidelobes. It 
is much more difficult for an unintended recipient to receive the beam unless he is 
extremely close to the intended receiver. Of course, this narrowness of the beams 
requires that optical communication systems tiack with a precision not required by RF 
systems. Fortunately, the precision-tracking technology to accomplish this is well in 
hand and has been demonstrated in laboratory, in space, and in air to ground tests. 
The LPI characteristics of unguided optical communications are so favourable that 
non-encryption of optical communication links has been postulated, since it is 
practically impossible to intercept the transmission.
Military systems must be configured to provide resistance to jamming. Even in
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today’s relaxed strategic posture, pursuit of anti-jam systems is still a reality. 
Jamming is interfering with the operation of a link by transmitting energy of the same 
or similar properties at the receiver to be jammed. Unguided optical communications 
has an inherently robust anti-jam capability, which arise from its narrow field of view, 
its very low sidelobes, and its design, which includes wavelength selective receiver 
optics. Certain design features can be applied to RF systems to increase robustness. 
However, the incorporation of anti-jam characteristics increases their weight, 
complexity and cost.
RF signals, except at the longest of the wavelengths, are extremely attenuated by sea 
water. Light in the blue-green wavelength region can penetrate sea water to 
significant submarine-operational depths. This permits a submarine commander to 
receive important messages without the risks associated with either surfacing or 
trailing along RF antenna reception wire.
1. 2. 2. Governmental Applications
Initial exploratory visits to the major bodies of the solar system have been completed, 
so future deep space missions will require more detailed data and as a result, much 
higher bandwidths. At the same time, there is a move toward smaller, lighter, less 
costly satellites that are launched more frequently. Thus, the mission environment is 
demanding much more communications capability while allocating less spacecraft 
resources. This is the appealing feature of optical communications for deep space.
Many of the earth remote sensing missions use very high data volume sensors, such 
as multispectral imagers or synthetic aperture radars which require high data rate 
transmissions for data dump. The extremely wide bandwidths associated with optical 
communications, coupled with their narrow beamwidths and lack of regulatory 
constraints, make unguided optical communications a key emerging technology for 
such applications. Optical systems offer the possibility of at least a ten to one 
reduction in the number of passes required to downlink stored sensor data. This frees
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up the satellite data storage system making more efficient use of the satellite’s sensor 
system.
1. 2. 3. Commercial Applications
A new, exploding commercial market is the area of personal communications. A 
number of major consortia such as IRIDIUM and Teledesic are investing billions of 
dollars in several proposed networks of personal communications satellites. Some of 
these proposed networks have baselined the use of intersatellite links between their 
satellites. Optical communications is an attractive candidate being considered for such 
links. For the transferred data to be of any use, it will usually originate from, and 
eventually return to, the ground. At present, these systems plan to use microwave 
communications for their up- and down-links. However, microwave links will likely 
not be able to support some data rates planned for future networks, both because of 
mass, power and volume impact on the satellite and because microwave frequency 
spectrum is over-subscribed. Optical communications could provide a practical 
solution.
Commercial remote sensing satellite systems may also represent a significant 
applications base for unguided optical communications. Worldwide high-resolution 
imagery, now available as a result of declassification and deregulation, will generate 
massive amounts of data, especially if the images are multispectral.
1.3. HISTORY
Many efforts have been undertaken to exploit the theoretical advantages of optical 
satellite communications [Begley, 1991]. NASA conducted the earliest study using 
a He-Ne laser based terminal on unmanned balloon platforms. A series of aircraft-to- 
ground experiments were conducted in the mid-1960s at the NASA Marshall Space 
Flight Center. The experiments proved difficult because of the low optical power 
available from the He-Ne laser transmitter. It became obvious that a higher power
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source was needed to perform the acquisition, tracking and communication functions 
necessaiy to demonstrate a fully operational laser communication system.
The first successful optical communications uplink to a satellite was achieved during 
a series of scintillation experiments conducted by NASA Goddard Space Flight Center. 
A ground-based ai'gon laser illuminated the GEOS-II satellite that carried a 
photomultiplier optical receiver feeding data to an RF downlink.
NASA-GSFC began working on system concepts relying on He-Ne and carbon dioxide 
lasers. The CO2  laser provided high output power and was the most efficient laser 
source available. In the late 1960s NASA identified two satellites for space tests. 
One Advanced Technology Satellite, ATS-F, would be equipped with a CO2  laser 
system, while ATS-G would fly a HeNe laser system. Work began to develop the 
technology and hardware for a space-based flight test. The programs were terminated 
within the first year because of funding constraints and technical difficulties. NASA, 
however, did not abandon the CO2  laser concept but continued to develop the required 
component and system technologies at Goddard well into the early 1970s. This 
activity was also terminated as part of a wider advanced communications technology 
funding cut.
The US Air Force became interested in unguided optical communications because of 
its potential to provide a secure channel for the transfer of sensitive data. This interest 
grew to a level that resulted in the initiation of a development program termed 405B. 
This program became the driving force behind space-based laser communications in 
the 1970s, with participation from a number of aerospace contractors and government 
agencies. The goal of the 405B program was a satellite-to-ground communications 
experiment scheduled for the early 1980s. This effort began in earnest in 1975 but 
became entangled in the controversy over the funding of advanced missile defence (no 
connection between the activities other than government funding). In an effort to 
salvage the program and the technology, an aircraft-to-ground experiment. Airborne 
Flight Test System (AFTS), was conceived to use the hardware developed for space.
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The AFTS series of flights were conducted in 1980. These tests were not plagued by 
the lack of available power of the earlier NASA tests because of the efforts placed on 
the advancement of flashlamp-pumped solid-state (Nd:YAG) lasers. The success of 
this program provided the confidence for the U.S. Air Force to fund additional space- 
based programs.
In the mid-1980s NASA once again began to plan for a spaceborn laser 
communications program. The Advanced Communications Satellite (ACTS) was 
judged to be the best platform to demonstrate the capability of laser communications. 
Two experimental systems would be designed and built with a shared optical path and 
telescope. MIT Lincoln Laboratory, with support from the Air Force, would be the 
principle developer of the hardware. They had been researching a high sensitivity 
coherent detection approach providing communications with very small semiconductor 
laser transmitter powers. NASA-GSFC would head a less complex direct detection 
approach. A variety of experiments were envisioned, including satellite-to-ground and 
satellite-to-aircraft as well as cooperative experiments with Japan and Europe. A little 
over a year into the program the Goddard activity was cancelled. MIT continued to 
work on the coherent system flight hardware design. This effort received numerous 
cuts, with the final resolve to complete the system as a flight qualifiable model. 
Without a scheduled host satellite, the future for the hardware is uncertain.
In the early 1980s the US Navy began to examine the use of space-based laser 
communication system to communicate to submerged submarines. Advanced 
technology development programs were initiated to address some of the difficulties 
and complexities of the system. One of these efforts produced a very narrow 
frequency receiver with its response tailored to the minimum in the seawater 
absorption. This would allow for the reception of the faint light by submarines at a 
maximum distance from the sea surface. Unfortunately, there were no lasers that 
operated at this frequency. This fact prompted a series of efforts to conceive of a 
laser that could meet the requirement of the receiver. A raman-shifted xenon chloride 
(XeCl) laser was chosen for development. After three years this effort was terminated
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because of the difficulties in reducing the size and weight of the laser for space 
operation. An aircraft-to-submarine laser communications effort for relaying tactical 
information continues, with progress on the space-based system being delayed while 
the supporting technologies progress to satisfy the system requirements.
Several years ago NASA-GSFC terminated its space optical communication activities. 
The NASA optical communications program is now concentrated at the Jet Propulsion 
Laboratory (JPL), which has been developing technology for deep space 
communications. JPL conducted an atmospherically-compensated uplink experiment 
using Lunar corner cube reflectors and a laser-guide-star compensated telescope at the 
Air Force Phillips Laboratory’s Starfire Optical Range in New Mexico. Additionally, 
in conjunction with the Galileo spacecraft program, the Galileo Optical Experiment 
(GOPEX) was conducted in December 1992. Optical transmitters at the JPL Table 
Mountain Facility in California and the Starfire Optical Range transmitted optical 
pulses to Galileo, where they were successfully received using the solid-state imaging 
camera as the optical receiver, for ranges from 600,000 to 6,000,000 km.
The US Ballistic Missile Defence Organization has been developing optical 
communications terminal equipment for space and aircraft applications. BMDO is 
funding the construction of two similar space-qualifiable terminals, one to be flown 
onboard the Space Technology Research Vehicle 2 (STRV-2) scheduled for launch in 
the summer of 1999. This program will demonstrate two-way communication between 
the low-earth-orbiting STRV-2 satellite and several ground stations at data rates 
exceeding 600 Mb/sec.
While the United States has been struggling to put a system into space, European and 
Japanese programs have made steady and consistent progress. In the late 1970s the 
European Space Agency initiated a technology trade study that resulted in the 
recommendation for CO2  space-based laser communications. ESA and West German 
Ministry of Research and Technology proceeded with a technology development 
program toward a full scale coherent transceiver package. A single laboratory
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terminal was integrated and tested in the late 1980s prior to termination of the CO 2  
concept.
ESA is now developing an optical inter-orbit communication system enabling a link 
between a low earth orbiting (LEO) and a geostationary (GEO) spacecraft. This so 
called SILEX (Semiconductor Intersatellite Laser Experiment) system allows a 
transmission of 50 Mb/sec from LEO to GEO in an experimental and pre-operational 
mode. The system uses GaAlAs laser diodes operating at 60 mW average power and 
direct detection. The French SPOT 4 earth observation satellite, launched in Mai’ch 
1998, has become the second platform carrying an optical communications terminal, 
and is scheduled by ESA to conduct first ever intersatellite optical communication 
experiments with its counterparts ARTEMIS satellite, to be launched in the first 
quarter of 2000. ESA has installed an optical ground station (OGS) in Tenerife, 
Spain. Ground-satellite optical links will be established between the OGS and 
ARTEMIS. It is an experimental station which can easily be adapted to other projects.
The National Space Agency (NASDA) of japan initiated a study of intersatellite links 
in 1985 for the application of communication between a low-earth-orbit satellite and 
a space station via geostationary relay satellites. Semiconductor laser diode 
technology is planned for the acquisition (0.8 pm wavelength at high powers) and 
communication (1.3 pm wavelength for internal fibre optic data bus and free-space 
propagation). There is collaboration between NASDA and ESA to conduct optical 
intersatellite communication experiments between ARTEMIS and the Japanese 
OICETS satellite to be launched early 2000.
1. 4. PAST STUDIES
In addition to technology development, there have been a number of studies 
concerning ground-satellite optical communications. One of the first theoretical 
studies of scintillation for an uplink communication path was perfoiined by Fried 
[1967b] who used weak fluctuation theory and a collimated Gaussian-beam model.
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Fried concluded that a substantial reduction in on-axis scintillation occurs with larger 
beams.
A few years later Minott [1972] discussed experimental data obtained in 1968 from 
a continuous wave (CW) argon laser (0.488 pm) beamed at a GEOS-H satellite 
orbiting at approximately 1250 km. Including zenith angles up to 45°, the 
experimental data were in reasonable agreement with a lognormal model for the 
normalized variance (scintillation index), power spectral density, and probability 
distribution of the scintillations.
Titterton [1973a] performed a study similar to Fried’s [1967b] that included focused 
and defocused beams and concluded that even greater reductions in on-axis 
scintillation could be achieved with focused beams.
Measurements of scintillation in a vertical path from a ground-based laser transmitter 
to the GEOS-HI satellite (orbiting at 1800 to 2000 km) and back to ground were 
reported by Bufton [1977] and compared with the theoretical model developed by 
Bufton et al. [1977]. The laser in this experiment was a CW argon-ion laser operating 
at 0.514 pm. However, a full beam divergence of 0.6 mrad was necessary to provide 
an adequate pointing error margin. The experimental data for the normalized variance 
were generally within a factor of 2 to 4 of the theoretical predictions.
In 1983, Yura and McKinley [1983a] published a theoretical study of fades and surges 
for a ground-to-space link in which the transmitted wave was a spherical wave 
operating in the 1 to 10 pm wavelength regime. This analysis, based on weak 
fluctuation conditions, included estimates of the fraction of time that the signal power 
is below or above a given threshold value, the mean number of times per second the 
signal power crosses a given signal level, and the mean duration of fades and surges 
for a specified variance of log intensity. They also calculated the temporal power 
spectrum of irradiance based on a frozen-in model of turbulence.
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In the Strategic Defence Initiative Organization (SDIO) Relay Mirror Experiment 
(RME) in the early 1990s, three laser beams (two argon-ion laser beams at 0.488 pm 
and 0.514 pm and a Nd:YAG laser beam at 1.06 pm wavelength) were projected from 
two ground sites at AMOS in Hawaii [Lightsey, 1994]. These beams were both 
retroreflected and reflected from the RME satellite at 350 km. The uplink beam 
intensity profile at the satellite appeared as a moderately distorted form of an idealized 
Gaussian-beam profile. The apparent distortions were attributed to pointing drifts. 
Measurements of the intensity fluctuations or scintillations as a function of radial 
distance from the optical axis were in agreement with theoretical predictions.
Shelton [1995] published expressions in 1995 for the variance and the power spectral 
density of turbulence-induced log-amplitude fluctuations associated with an uplink 
Gaussian-beam wave. The Rytov approximation combined with Mellin transform 
techniques formed the basis of this theoretical analysis. Experimental data obtained 
from the Short Wavelength Adaptive Techniques (SWAT) system in Hawaii using an 
argon-ion CW laser operating at 0.488-pm wavelength were shown to compare well 
with theoretical predictions. The target used for this was the Low Power Atmospheric 
Compensation Experiment (LACE) satellite developed by the US Naval Research 
Laboratory.
Also in 1995, Andrews et al. [1995] derived estimates for the beam spot size, 
scintillation index, fractional fade time, expected number of fades, and mean duration 
of fade time associated with both uplink and downlink propagation channels for a laser 
satellite communication system in geosynchronous orbit. This analysis, based on a 
Gaussian-beam model for the optical wave and a Kolmogorov spectrum for refractive- 
index fluctuations, used Rytov approximation and the so called Hufnagel-Valley 5/7 
turbulence strength profile model. Of particular significance, this study revealed that 
even small pointing errors with finite beams can lead to unacceptable fade levels 
owing to a Gaussian roll-off in the mean intensity profile combined with large off-axis 
scintillations.
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1. 5. COLLABORATION WITH CRL
Some seven years ago University of Surrey (UniS) and Japanese Communications 
Research Laboratory (CRL) of Ministry of Posts and Telecommunications decided to 
collaborate in the ground-satellite optical communications area. According to the 
original plan, UniS would first be concerned with evaluation of the communication 
link performance of the prospective optical links between the Engineering Test 
Satellite VI (ETS-VI) and a ground station in Tokyo. UniS would then look at ways 
of improving the performance such as an error correction scheme and suggest possible 
add-on experimental themes. In this context, Robinson [1993] carried out a very basic 
study exploring the field of space optical communications. Yenice [1994] did a much 
more detailed study bringing together most of the elements required for performance 
evaluation of ground-satellite optical communication systems. It was realized that 
computer simulation was the only way for evaluating the performance realistically and 
for studying the suitable error correction schemes owing to the involved complexity. 
Modelling the turbulent atmospheric channel and pointing/tracking systems, and 
reducing the anticipated excessive ran times were identified as the challenging tasks. 
Later, the components of a turbulent atmospheric channel model have been 
implemented [Vernon, 1996].
The ETS-VI was launched on 28 August 1994. It was intended for the geostationary 
orbit, but ended up in an highly elliptic sub-GEO orbit due to failure of the apogee 
propulsion system. Modifications to the orbit were carried out so that limited 
experiments could be performed around the apogee, similai' to those previously 
planned. Increased exposition to radiation due to passing through the Van Allen belt 
limited the lifetime of the satellite. Despite these limitations, both uplink and 
downlink transmissions were received starting 7 December 1994. However, it was 
soon realized that the received uplink power level was not enough to keep the onboard 
fine pointing/tracking system locked at least for reasonable periods. The power level, 
fluctuating wildly due to atmospheric turbulence, was below the threshold level for 
most of the time, hindering the establishment of the planned (1 Mb/sec, Manchester
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coded) communication link. The link budgets prepared for planning the links were 
tight and did not make any allowances for atmospheric turbulence effects. Possible 
countermeasures had not been included in the design, mainly because this experiment 
had been conceived as a stepping stone to intersatellite links, but not as a phase of a 
development program for ground-satellite links themselves. No satisfactory solution 
could be found to the above mentioned problem at that stage and half way through we 
had to abandon the original work program.
We decided to concentrate on the effects of atmospheric turbulence on ground-satellite 
optical communication systems and possible countermeasures. We proposed a new 
preliminary work program including suggestions for collecting and analysing the data 
to increase their scientific value. CRL responded very slowly and cautiously to this 
proposal, mainly because it was not known how much longer the experiments would 
continue due to uncertainty of the satellite’s lifetime. For example, we suggested that 
downlink scintillation should simultaneously be measured by a small (a few cm) 
aperture in addition to the large (150 cm) telescope. The large aperture provided 
aperture averaging for turbulence-induced scintillation and the residual fluctuations 
were almost entirely due to pointing variations on the satellite and receiver noise. We 
believed that with two independent receiver measurements with vastly different 
aperture averaging, the fluctuations due to atmospheric scintillation versus satellite 
pointing errors could be separated as to their effects. In fact, a technique for exactly 
this purpose has recently been proposed [Thiermann and Rummel, 1998]. When the 
experiments were terminated about one year later, we had not yet received any definite 
response to this and some other suggestions. Some further effort was wasted in this 
time span, and we ended up with a limited amount of useful data. The author spent 
a total of four months in Tokyo to take part in these experiments. We analyzed the 
data independently and deduced useful implications for future experimenters and 
system designers, which form a part of this thesis.
Atmospheric turbulence statistics based on long term systematic measurements at the 
site of the optical ground station were not available. There was no plan to take data
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simultaneously during the experiments to characterize turbulence along the specific 
path between the ground station and the satellite. This was needed for a proper 
interpretation of the propagation data. We could not use general models, because the 
ground station was not a carefully selected site like an astronomical observatory on 
a mountaintop, but located at the CRL campus in a suburb of Tokyo, 100 m above the 
sea level. We therefore suggested an atmospheric turbulence measurement campaign 
based on stellar observations, supported by direct measurements at the ground level. 
This suggestion was taken up by CRL, although it was too late to be useful for the 
experiments. We continued to work on this topic after the termination of experiments. 
Atmospheric turbulence measurements through stellar observations was an active 
research area and various methods had been proposed. These methods rely on the 
observation of the effects of atmospheric turbulence on optical waves, so it did not 
seem that we were too much diverging from our mainstream research topic.
We started off with a review of available techniques and decided to work on one 
particular technique. Unfortunately, we were allocated a very limited budget for the 
implementation of this technique. It requires an advanced data acquisition system, but 
we had to set up the experiment with low cost, general purpose hardware and limited 
capacity personal computers. Our co-worker Dr. Li carried out most of the hard work 
and managed to get the system up and running. This is an achievement in itself and 
became the subject of a journal paper [Li et al., 1999]. After we acquired some 
preliminary data. Dr. Li left CRL, and at present the project is at a standstill. A new 
researcher is to take up the role of Dr. Li for the second phase of the measurement 
campaign. The author spent two months in Tokyo to take part in these measurements. 
The description and initial results of this measurement campaign form a part of this 
thesis.
1. 6. ORGANIZATION OF THE THESIS
The background information required for a proper understanding of the thesis is 
provided in Chapters 2 and 3. We initially planned to include a comprehensive
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glossary of terms, but could not realize it due to shortage of time. The challenging 
task was then to introduce the basic concepts without introducing a host of associated 
secondary concepts/terms foreign to electrical engineering. Another difficulty, which 
is valid for the whole thesis, was that the underlying mathematics is generally too 
complex and lengthy to be included. Therefore, we contented ourselves with mostly 
qualitative and semi-quantitative descriptions. Some non-essential, but still important 
concepts and topics had to be omitted. The rest of the thesis comprises three separate, 
but closely related parts as described in the following subsections.
1. 6. 1. Atmospheric Turbulence Measurements
The design of any optical system operating in the atmosphere requires previous 
investigations of atmospheric turbulence conditions at the system’s location. Stellar 
observations provide a useful and convenient means for this purpose in the case of 
ground-satellite optical communications. We were involved in a measurement 
campaign based on spatiotemporal analysis of stellar images in collaboration with 
Japanese Communications Research Laboratory. The methods of measuring 
atmospheric turbulence based on stellar observations are reviewed and the current state 
of the ongoing measurement campaign is described in Chapter 4. Preliminary results 
are presented together with a future work plan. This work was presented in Free- 
Space Laser Communication Technologies conference [Venice et al., 1999].
1 .6 .2 .  Analysis of the ETS-VI Experiment Results
The Japanese Engineering Test Satellite VI, launched in August 1994, became the first 
ever satellite carrying an optical communications payload. We were particularly 
interested in the probability density function (PDF) of the uplink intensity fluctuations. 
This was one of the few issues which had not yet been satisfactorily resolved. Over 
the years many models had been proposed for different regimes. The correct 
mathematical model of the PDF is the one that agrees well with experimental results. 
The intensity fluctuations of laser scintillation are a unique phenomenon. A
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measurement of the probability density function (PDF) of this random process, 
especially in the strong fluctuation region, poses difficult technical problems. During 
the experiments, the author circulated a technical memorandum summarizing these 
difficulties. Partly for this reason, and partly because the measured PDFs were not 
in conformity with the expectations of the other researchers in the experiment team 
(They were expecting a log-normal distribution), we came to be de facto responsible 
from this aspect of the experiment. We reported the experimental results and showed 
that a negative exponential distribution is what should be expected under the 
experimental conditions [Venice et al., 1998]. This issue is the highlight of Chapter 
5. We believe that this is the single most significant issue of the experiment as far as 
the topic of laser beam propagation through atmospheric turbulence is concerned. 
Other issues are briefly discussed also in Chapter 5. The implications and 
recommendations are stated for future experimenters and system designers.
1. 6. 3. Countermeasures to Atmospheric Turbulence Effects
Chapters 6-9 have been devoted to the techniques for overcoming the effects of 
atmospheric turbulence. One basic conclusion drawn from our ETS-VI experience is 
that atmospheric turbulence severely affects the communication system’s performance 
to such a degree that it can even easily render the system inoperative. We, therefore, 
started to investigate possible countermeasures for improving the performance. One 
interesting feature of ground-satellite optical communications is that the effect of the 
channel is not symmetric for both directions. Chapter 6 covers the countermeasures 
for the downlink. For reasons which are made clear in Chapter 3, the downlink is less 
affected by atmospheric turbulence. In this case, a large receiver reduces the 
scintillation variance by a factor of the order of 1000. However, the operation of the 
onboard pointing and tracking system is dependent on the uplink beam. We identified 
a technique intended for intersatellite links, which reduces this dependency, and 
strongly recommend it for satellite-to-ground links.
According to a number of previous studies, one way of reducing the uplink
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scintillation is to use a large beam. The mechanism for this expected reduction is 
termed transmitter aperture averaging. However, we were not able to confirm this 
prediction during the ETS-VI experiments. In Chapter 7, the state of knowledge on 
transmitter aperture averaging is summarised and updated where necessary.
In Chapter 8, other possible countermeasures for the uplink are identified and 
reviewed. When investigating this topic. It was realized that the uplink transmitter 
beam size is a crucial design parameter and its optimum value changes continuously 
according to changing atmospheric turbulence conditions. It was also realized that the 
concept of optimum beam size was mentioned in a paper published about 20 years 
ago, and seemingly had been forgotten since then. We emphasized this point [Venice 
and Evans, 1999a] and proposed a novel technique based on adaptive beam size 
control for improving the uplink performance [Venice and Evans, 1998], [Venice and 
Evans, 1999b]. This technique may be sufficient on its own under favourable 
conditions or may be complementary to other techniques. The details are given in 
Chapter 9.
Finally, conclusions and recommendations for future work are given in Chapter 10.
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Atmospheric turbulence is still being actively studied both theoretically and 
experimentally. Results are being publicised in different forums. That is, the subject 
does not seem to have revealed its last mysteries. New findings in this area may still 
have the potential o f yielding significant changes in the current design guidelines. 
The description and phenomenology of atmospheric turbulence constitute a vast field. 
Only a limited amount o f information relevant to laser beam propagation is provided 
in this chapter.
2. 1. INTRODUCTION
We assume that we can identify a parcel of air, called an eddy, a mass of air that is 
composed of enough molecules so that pressure, temperature, and density of the parcel 
are well defined, but small enough to be constant across the parcel. We further 
assume that parcels are uniquely identifiable for short periods of time. The refractive 
index fluctuations or "optical turbulence" originate from large scale phenomena, but 
are broken and mixed by the wind until they exist at all scales. In the earth’s 
atmosphere, the interaction of an electromagnetic wave with a single eddy is extremely 
weak. To first order, there is no amplitude change at the position of the eddy, but 
merely a phase change caused by the change in velocity of the wave that traverses the 
eddy. Because induced phase fluctuations are not the same at different points
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perpendicular to the direction of propagation, they may cause focusing or defocusing 
effects, local deviations in the direction of wave propagation, and eventually, through 
interference, intensity fluctuations at the receiver. Although the effect of an individual 
eddy on the wave is quite weak, the cumulative effect of many eddies can be 
extremely strong.
2. 1. 1. Turbulence
In fluid mechanics, turbulence is a type of fluid flow. The flow of a viscous fluid is 
characterized by the Reynolds number
V A= - ( T  ( 2 . 1 )
where v is the characteristic velocity scale, L is the characteristic length and v  ^is the 
kinematic viscosity. When the Reynolds number exceeds a critical value (e.g. by 
increasing the velocity of the flow), the flow changes from laminar" to a more chaotic 
regime. This regime is called turbulence. Turbulence arises partly from friction 
between the moving fluid and its boundaries, but also from internal forces within the 
fluid itself. It is a state where the velocity of a parcel of the fluid fluctuates about the 
mean velocity of the flow and these fluctuations possess a continuous power specti"um. 
The fluctuations are conceptualized in the form of eddies. These eddies result in the 
transport or mixing of other characteristics of the fluid. In the case of the atmosphere, 
typical values lead to very large Reynolds numbers, so the flow in the atmosphere is 
almost always turbulent up to a height of 1 km or more in the daytime over land, to 
100 m or so over land at night, and to a few hundred meters over the ocean. At larger 
heights, turbulence occurs in layers with strong changes in average wind speed and 
direction. The turbulent fluctuations in wind speed result in the mixing of atmospheric 
quantities such as temperature, aerosols, or water vapour. The parameter relevant to 
wave propagation is index of refraction. Turbulence creates spatial and temporal 
variations of refractive index and thus leads to scattering of electromagnetic radiation.
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2. 1. 2. Refractive Index of Air at Optical Wavelengths
The refractive index for the earth’s atmosphere below 40 km depends on temperature, 
pressure, humidity, and optical wavelength [Owens, 1967],[Friehe and LaRue, 1974]. 
The effects of turbulence-induced pressure variations are negligible compared to those 
of temperature or humidity fluctuations. For most optical engineering applications, 
the effect of humidity fluctuations upon the refractive index is small enough to be 
ignored. Although the wavelength dependence of the average, non-fluctuating part of 
the refractive index is often important, it can usually be ignored when considering 
fluctuations of the index. With these simplifications, refractive index fluctuations 
depend only on fluctuations in temperature. Typical temperature fluctuations are less 
than a few tenths of a degree centigrade. The resulting refractive index fluctuations 
are of the order of one part in 10"^ .
2. 1. 3. Mechanical Turbulence versus Optical Turbulence
Turbulent motion alone does not suffice to produce refractive index fluctuations; 
turbulence in the presence of a temperature gradient is necessary. To understand why 
optical effects are not directly related to mechanical movement of air, we need to 
consider the actual temperature lapse rate (temperature gradient in the vertical 
direction) as compared to the adiabatic lapse rate.
The adiabatic lapse rate is the temperature change with altitude (—9.7°K/km) that a 
parcel of air would experience if it were mechanically displaced from its equilibrium 
position. The lapse rate of the standard atmosphere in the troposphere is -6.5°K/km. 
Thus an upward mechanical displacement of an air parcel would cause it to cool faster 
than its surroundings. At its new location, it would be more dense, thus causing a 
local variation in the refractive index. Because it is more dense, the resultant 
buoyancy forces would act to return it to its equilibrium position. On the other hand 
if in some altitude regime, the atmospheric lapse rate was exactly equal to the 
adiabatic lapse rate, then the density of the displaced air would always be equal to the
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density of its suiToundings. As a result there would be no refractive index difference 
with respect to the surrounding air, hence no optical effect would occur in spite of the 
existence of large mechanical turbulence. Even for weak, non-adiabatic lapse rates, 
strong mechanical turbulence would result in only weak optical turbulence. To 
quantify these conditions, a dimensionless parameter, called the Richardson number 
is used:
 ^ (g/Q ) (dQ/dz)
 ^ i d v / d z ) ^  • *
where g is the acceleration of gravity, 0  is the potential temperature, V is the average 
horizontal wind speed. Wind-generated turbulence is augmented by buoyancy in 
unstable, convective situations, and is suppressed in stable conditions. The degree of 
stability is measured by the Richardson number, defined as the rate of destruction of 
turbulence by stable stratification to the rate of creation of turbulence by wind shear. 
R; is negative if the heat flux is upward (unstable air) and positive when the heat flux 
is downward (stable air); R; is zero when there is no heat flux, but only mechanical 
turbulence is being created.
When Rj exceeds a critical value, turbulence disappears; the stratification overpowers 
production by wind-shear effects. It has been established that this critical value is 
0.25. This means that IRj I < 0.25 is a necessary condition for optical turbulence.
2. 2. STATISTICAL SIMPLIFICATIONS
Because turbulence is a random process, it must be described in terms of statistical 
quantities. The irregular motion of small fluid masses is of such complexity that there 
can be no hope of a theory which will describe in detail the velocity and temperature 
fields at every instant. In fact, it is nearly impossible to do a complete statistical 
analysis; therefore, we settle for a more meager description.
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For both theoretical and intuitive simplicity, as well as for economy of effort in 
making estimates, one often assumes that major statistical simplifications such as 
stationarity, homogeneity and isotropy are valid. Stationary implies that the statistical 
properties of variables do not change with time. Although it is possible to find 
selected periods for which stationarity is a good assumption, this condition is usually 
not satisfied in the atmosphere. A turbulent flow is homogeneous if its statistics do 
not vary in space. It is unlikely that homogeneity could prevail, even approximately, 
except in the horizontal. If the terrain is inhomogeneous, with hills and valleys, or 
with cities, fields, and forests, then flow near the boundary can hardly be expected to 
be homogeneous. A method of analysis involving structure functions and the 
assumption of only locally homogeneous statistics has been devised and is partially 
successful in meeting this problem. Isotropy implies that the statistics of the motions 
are invariant to changes in directions of the coordinates, and usually is considered only 
when homogeneity is present in all directions. Even though isotropy does not apply 
near the ground, local isotropy does. Local isotropy implies that not all the small- 
scale motions, but only the fluctuations on the veiy smallest scales, are isotropic.
2.3.  STRUCTURE FUNCTION
Because most optical phenomena of interest depend on differential rather than absolute 
optical path lengths, the spatial statistics of random refractive index variations and of 
random wavefronts are given in terms of structure functions rather than more 
conventional autocovariance or autocorrelation functions. The use of structure 
functions provides a framework for the treatment of random processes with slowly 
varying means. The structure function, 0^(1'), for an arbitrary spatially distributed 
random variable, R(r), is defined as
where r=r^-r2 , and the angle brackets indicate an ensemble average. If the random 
process generating R is isotropic, then D^(r) is a function only of r=lrl. The structure
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function behaves as a high pass filter because the subtraction process removes the 
slowly varying large-scale fluctuations that effect both points of the measurement, and 
provides a much more stable number than the related correlation function.
2. 4. KOLMOGOROV THEORY OF TURBULENCE AND SPATIAL 
STATISTICS
The Kolmogorov theory is based on the hypothesis that the kinetic energy associated 
with larger eddies is redistributed without loss to eddies of decreasing size until they 
are finally dissipated by viscosity (Figure 2.1).
Energyinjection
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Figure 2.1. Visualization of Kolmogorov cascade theory of turbulence. [from Andrews and Phillips, 1998]
The turbulence is categorized into three ranges: The input range is characterized by 
an eddy size greater than the outer scale of turbulence (Lq). Here turbulent energy is 
introduced by wind sheai' and temperature gradients. For this range there is no single 
formula describing the turbulence, since in general it depends on local conditions. The 
dissipation range is characterized by an eddy size less than the inner scale of 
turbulence (IJ. In this case, energy loss from the eddies due to viscosity dominates.
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In the inertial subrange, the eddy size is greater than 1^ , but less than Lq. Over the 
inertial subrange, the potential temperature structure function obeys an incredibly 
simple isotropic two-thirds power law:
Dy(r)  = ( 2 . 4 )
where C /  is called the temperature structure parameter. This implies the following 
form for the refractive index structure function:
= Cj' < r  < ( 2 . 5 )
where is the refractive index structure parameter (also referred to as "turbulence 
strength"). The inertial subrange exists for Reynolds numbers of the order of 10  ^or 
greater. In optical calculations, the scales of engineering interest will usually fall 
within the inertial subrange. Because of this, is the single most important
parameter in describing the turbulent atmosphere. In practice, usually C /  is measured 
by temperature probes, which can be converted to by using the following formula:
Cn = ( 2 . 6 )
where P is pressure in millibar and T is temperature in Kelvin.
An alternative, equally useful, and completely equivalent method of describing the 
statistics of a turbulent quantity is by its three-dimensional (Wiener) spectrum. 
Equation (2.5) leads to the following expression for the three dimensional spectrum 
of the refractive index fluctuations:
cJ)(K) = 0 .033 c j  ( 2 . 7 )
where K=27t/1 is a spatial wavenumber, 1 being the corresponding scale (eddy) size.
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This form of the spectrum with zero inner scale and infinite outer scale is known as 
the Kolmogorov spectrum. Equation (2.7) is strictly valid only if C /  does not depend 
on position. We assume that the medium is smoothly varying, that is at the spatial 
wavenumbers of interest the spectral shape remains constant along the path but the 
intensity of the fluctuations varies slowly along the path so that,
* ( 2 , K )  = C^(z)(| )^(K) ( 2 . 8 )
This allows us to model the turbulence strength as a function of position, independent 
of the spectral shape of the fluctuations.
For some applications it may be necessary to know the form of the spectrum beyond 
the inertial subrange. Certain modifications of Equation (2.7) have been proposed to 
effect a smooth transition to the input and dissipation ranges. For the dissipation 
range, it is clear that the spectrum must fall off more rapidly than Tatarski has
proposed the following modification which accomplishes this:
(|)^(k ) = 0 . 0 3 3  e x p  [ - (k/ k )^ ( 2 . 9 )
where K,^ =5.92/lQ. Results of measurements have shown that the turbulence does not 
decay as rapidly as that predicted by the Tatarski spectmm in the region just before 
it starts its rapid decay due to inner scale effects. Hill derived a spectrum in the 
region where inner scale is significant, which has a bump before an exponential decay 
[Hill and Clifford, 1978]. Hill spectrum can produce a significantly different 
scintillation than the Tatarski spectmm under certain conditions, and it should be used 
in those calculations. Since Hill spectrum is a numerical model, it has inherent 
limitations in analytic studies. Andrews [1992] developed an analytic approximation 
to the Hill spectmm given by
(|)^  (k) =0 . 0 3 3  K"^^/^exp [ - (k/ k )^ ]^ [1 +
1 . 8 0 2  ( —  ) - 0 . 2 5 4  ( —  ) ’^ / ]^ ( 2 . 1 0 )
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where Kj=3.3/1q. Frechlich [1992] also suggested an analytic approximation to the Hill 
spectrum.
4)_^(k ) = 0 . 0 3 3  K " ^ ^ / ^ e x p ( - l  . 1 0 9 k I q) [1 + 0 . 7 0 9 3 7 k I o +
2 . 8 2 3 5  ( k I q ) ^ - O  . 2 8 0 8 6  ( k I ^ )   ^+ 0 . 0 8 2 7 7  {k 1^) (2  . 1 1 )
The factors multiplying the Kolmogorov spectrum in Tatarski and Hill spectra are 
plotted in Figure 2.2.
1.5
HillTatarski
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Figure 2.2. Factors that multiply the Kolmogorov spectrum in the Tatarski and Hill models.
For the input range, the energy in the eddies larger than Lq must be less than predicted 
by the Kolmogorov model. This can be approximated by the Von Karman spectrum:
( 2 . 1 2 )
where icpl/Lo. An alternative spectrum for the input range is known as the Greenwood 
spectrum [Greenwood and Tarazano, 1974]
(|)„(k ) = 0 . 0 3 3  (K^+KK.) "ii/G ( 2 . 1 3 )
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where Ko=2ti:/Lo. A third outer scale model, called the exponential model, is 
described in [Voitsekhovich, 1995], together with the basic physical principles of the 
constmction of outer scale models, and a comparison of these three models.
10'
10- '
K
Figure 2.3. Modified von Karman spectrum with inner and outer scale present. iq=2m/0.1, and i^ =2tc/10.
For mathematical convenience, the Tatarski and Von Karman spectra can be combined 
in the following expression;
= 0 . 0 3 3 exp [- (k/k^ ) 2](Kj+K^ )2 \ 11/6 ( 2 . 1 4 )
This spectrum, which is know as the modified von Karman spectrum, is shown in 
Figure 2.3. The presence of outer scale causes the spectrum to approach a constant 
at low wavenumbers. The inner scale causes the spectrum to decay faster than 
Kolmogorov turbulence at high wavenumbers. The spectrum has an -11/3 power law 
behaviour in the inertial subrange at intermediate wavenumbers.
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Other spectra can be combined likewise. Note that these expressions are only 
indicative of the spectrum outside the inertial subrange. If the propagation 
phenomenon of interest depends strongly on Lq, then one can assume that our present 
knowledge of the atmosphere will not allow its accurate quantification. It should be 
emphasized that the spectra given in this section are reasonable approximations or 
models for the atmosphere under many conditions. They do not represent the actual 
atmosphere at all times or all places, but it seems impossible to comment usefully on 
their range of validity.
2. 5. TEMPORAL STATISTICS
Temporal variations in quantities of interest are caused by the motion of the turbulent 
atmosphere. This motion may be separated into three groups: (1) mean motion of the 
wind, (2) changes in the wind direction, and (3) internal "mixing" motions of the 
atmosphere due to the evolution of the turbulence. The most straightforward 
approximation involves the use of Taylor’s hypothesis of "frozen turbulence", which 
assumes that the temporal variations of some quantity measured at a point are caused 
by the uniform motion of the atmosphere past the point, and that internal motions of 
the atmosphere may be neglected. For propagation problems, it is assumed that the 
only motion of interest is perpendicular to the path. Under the assumption of Taylor’s 
hypothesis,
X ( r ,  t + T )  =X{r-v^T, t) (2 . 15 )
where X is the random variable of interest and Vj^  is the average velocity component 
perpendicular to the path. When an optical system is tracking a moving object, or 
when the system itself is moving, one should use the relative velocity between each 
portion of the line of sight and the local mean wind. This relative velocity is called 
the pseudowind.
Tylor’s hypothesis thus forces a one-to-one correspondence between temporal and
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spatial statistics. In general the spatial statistics are considered more fundamental and 
the temporal statistics as derivable from them using the mean wind speed. A more 
detailed description of the assumption of "frozen turbulence" and its limitations aie 
given by Tatarski [1961]. Its limitations must be recognized when interpreting data 
under conditions of small transverse wind speeds. Taylor’s hypothesis fails when Vj^  
is less than the turbulent fluctuations in wind velocity. This will happen, for example, 
when the average wind direction is parallel to the line of sight.
The following mean wind speed model, known as Bufton wind model, is commonly 
used in temporal calculations for ground-satellite paths.
V{h) = Vg + 30exp[-(.:^^g^°°)^ ] + (2.16)
where Vg is the ground wind speed and is the slew rate associated with a satellite 
moving with respect to an observer on the ground. The units are meters per second. 
Empirical models can be found in the geophysical literature.
2. 6. TURBULENCE MODELLING
So far we have discussed the form of the refractive index spectra of the turbulent 
atmosphere but have not made any reference to the actual values of the adjustable 
parameters of the model: (1) C„^ (2) 1q, (3) Lq.
A basic assumption is necessary to construct models of the wind and turbulence for 
use in engineering applications: The climatology of wind and atmospheric stability 
at a point does not change significantly with time, so the climatology of the past can 
be extrapolated into the future. Although we have no way of making long-term 
predictions of climatic conditions, we have no choice but accept this assumption.
Ideally, detailed meteorological information listed below are required for constructing
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realistic, practically useful turbulence models:
MICRO-METEOROLOGICAL PARAMETERS
(a) Primary: turbulence strength, turbulence spectmm, inner scale, outer scale
(b) Secondary: isotropy, layering, intermittency 
MACRO-METEOROLOGICAL PARAMETERS
(a) Primary: tropopause, jet stream
(b) Secondary: latitude dependence, orography, weather fronts, daily valuations 
etc.
A fully general model of atmospheric turbulence incorporating these parameters would 
be sufficiently complex to prohibit almost any meaningful calculations or inferences. 
We therefore resort to use abstract models of the adjustable parameters, which have 
little or no dependence on meteorological parameters.
2. 7. INNER AND OUTER SCALES
The inner scale of turbulence can be calculated from the Idnematic viscosity (v j of 
air and from the rate of viscous dissipation (e) of turbulent energy:
= 7 . 4  ( 2 . 17 )
Note that 1q increases with kinematic viscosity, which increases with altitude. The 
inverse dependence on the energy dissipation rate shows that strong turbulence has 
smaller inner scales and weak turbulence larger inner scales. From such calculations, 
the inner scale is usually considered to be approximately a few mm near the ground, 
increasing to centimetres in the troposphere and stratosphere. Most inner scale 
measurements have been taken with optical techniques near the ground over short 
paths. A review of these techniques can be found in [Hill, 1992].
Eaton and Nastrom [1998] have recently published estimates of the vertical profiles 
of inner scale from 5 km up to 20 km, based on a unique data set of 5 years of VHF 
radar observations. The inner scale seasonal estimates are shown in Figure 2.4. The
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inner scale was found to range from about 1 cm at 5 km to about 7 cm at 19 km 
altitude. The inner scale is seen to decrease near 12 km in the jet stream region 
during winter and spring and also to decrease near 17 km as a result of breaking 
gravity waves.
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Figure 2.4. Seasonal vertical profiles of the inner scale derived from VHF radar measurements over a 5- year period. [from Eaton and Nastrom,1998]
The outer scale grows linearly with the height in the surface layer of the atmosphere. 
The limitation on L q in the vertical dimension is of the order of 100 m because of the 
stratification of the turbulent layers. The horizontal dimension of the outer scale may 
be much larger than the vertical one, thus it also depends on the zenith angle.
Coalman et al. [1988] used an indirect method to determine the outer scale, comparing 
optical measurements of the strength of the turbulence with radiosonde measurements 
of the bulk properties of the atmosphere. From these measurements, they concluded 
that the size of the outer scale was less than 1 m over a wide range of altitudes, and 
nowhere was it larger than approximately 5 m. This is in contradiction with the 
results reported by Bucher et al. [1995]. Their estimations of outer scale are typically
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of the order of 10-100 m. One possible explanation of this discrepancy is that the 
assumptions used by Coulman et al. to derive outer scales from their data were 
incorrect. Tatarski and Zavorotny [1993] noted that the formula used by Coulman et 
al. to relate the bulk properties of the atmosphere and the outer scale is valid only for 
surface-layer turbulence, whereas Coulman et al. applied the formula for heights above 
2 km. In addition, the paper by d’Auria et al. [1993] demonstrates that, under 
conditions of intermittent turbulence, the relationship between the bulk properties of 
the atmosphere and C„^  is very different from that in the conventionally assumed 
stationary regime. They show that using Tatarski’s model for the microstructure of 
the turbulence can lead to an underestimation of the outer scale by an order of 
magnitude or more. This is approximately the size of the discrepancy between 
Coulman et al.’s determination of the outer scale and those reported by Bucsher et al.
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Figure 2.5. Seasonal profiles of the outer scale derived from VHF radar measurements over a 5-year period. The error bars plotted relative to each seasonal curve extend ±1 standard error of the mean. Also included are symbols showing average seasonal tropopause heights. [from Eaton and Nastrom, 1998]
Eaton and Nastrom [1998] have also reported seasonal profiles of the outer scale 
derived from VHF radar measurements over a 5-year period (Figure 2.5). The
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estimated outer scale decreased from 60 m at 5 km altitude for all seasons to a range 
of 12-20 m (depending on season) at 15 km and then increased to about 22 m at 19 
km altitude. The range of the outer scale values for any altitude was found to vary 
only a few meters between spring, fall and winter. The summer values were found 
to exceed the other seasonal values at all intermediate altitudes.
2.8. C /  MODELS
The turbulent atmosphere (the first 20-25 km) can be cut up into two height zones 
where the origin of turbulence is related to different physical causes. The boundary 
layer is the region where the atmospheric dynamics are dominated by the interaction 
and heat exchange with the earth’s surface. In the free atmosphere, the dynamics are 
more complicated and turbulence depends on synoptic meteorology, wind shear, and 
gravity waves.
2. 8. 1. Boundary Layer
The boundary layer can be further partitioned into the surface layer, the mixed layer, 
and the interfacial layer. The surface layer consists of the first few meters above the 
ground and its properties are determined by the air-ground differences in atmospheric 
parameters. The interfacial layer is the vicinity of the capping inversion that separates 
the boundary layer from the free atmosphere. The mixed layer consists of the region 
from the surface layer up to the interfacial layer.
For flat terrain, the atmospheric boundary layer is reasonably well defined and 
identifiable. However, the height of the capping inversion is variable and depends on 
a variety of factors, including terrain, solar insolation, vegetation, winds, etc. At one 
extreme, we have the boundary layer above a desert extending as much as 3 km above 
the ground. At the other extreme lies mountaintop locations that in some cases rise 
above the boundary layer of the surrounding terrain. Such a site is not expected to 
have a well-developed atmospheric boundary layer. Instead, a mountain location has
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its own surface layer or boundary layer, depending on whether it more closely 
resembles a shaip peak or a plateau.
In the daytime, the heating of the surface results in convective instability. Associated 
with strong convection is a phenomenon known as pluming, in which the heated air 
rises in the form of giant bubbles or plumes. Cool air descends between these plumes 
to replace the hot air. The daytime boundary layer extends to a capping inversion 
layer, typically 1 or 2 km above the surface. At night, the surface cools by radiation 
and is colder than the air, and this is usually denoted by the presence of a strong 
surface temperature inversion. This inversion can range from tens to hundreds of 
meters thick. Although the nocturnal boundary layer is strictly defined by the surface 
inversion, the region above this to the first few kilometres is a region whose 
turbulence strength and chaiacteristics are distinct from the free atmosphere. This may 
arise from orographic effects or from the vestigal daytime boundary layer.
Values of turbulence strength near the ground vary widely. Lawrence et al. [1970] 
measured values from less than 10'^  ^ to greater than 10'*^  m'^ ^^  at a height of about 2 
m. Under certain conditions, the turbulence strength can be predicted from 
meteorological parameters and characteristics of the underlying surface [Timmerman 
and Kohnle, 1988]. Using a theory introduced by Monin and Obukhov in 1954, 
Wyngaard et al. [1971] derived a theoretical dependence of turbulence strength on 
height above flat ground in the boundary layer. During periods of convection 
(generally clear days), C„^  decreases as the -4/3 power of height. At other times (night 
or overcast days), the power is nearly -2/3. It should be pointed out that the -2/3 
dependence also applies to some daytime conditions when there is warm air over cold 
ground, as occurs over snow-covered terrain.
2. 8. 2. Free Atmosphere
The free atmosphere consists of the troposphere, tropopause region, and the lower 
stratosphere. Optical turbulence in these regions is not fully understood. The general
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characteristic of in the free atmosphere is stratification superimposed on an 
exponential falloff. The large values of C„^  occur in narrow layers, of the order of 
hundreds of meters in thickness, and the magnitude of C„^  in these layers exceeds that 
of the "background" by more than an order of magnitude. The horizontal extent of 
these layers and their temporal duration are not well understood. These layers are 
responsible for the variability of in the free atmosphere, since C„^  can vary by a 
factor of 100, depending on whether there is a strong layer present.
2. 8. 2. a. Empirical Models
The first class of model profiles are empirically derived from averaged data. The 
most widely used of these are the so called SLC models (the acronym derives from 
the submarine laser communications studies) and CLEAR I models. Detailed 
information about these models can be found in [Beland, 1993]. A primary drawback 
of such models is their site dependency, which makes the application of these models 
to other locations questionable. Despite the differences in various models, one 
consistent feature is their similarity in the stratosphere. This observation has also been 
substantiated by analysis [Battles et al., 1988]. Battles et al. have shown that 
atmospheric density is the prime factor in determining the drop-off rate of C„  ^with 
altitude in the lower stratosphere. A universal behaviour is not observed in the 
troposphere owing to the large variability of tropospheric turbulence.
2. 8. 2. b. Parametric Models
The next class of models includes parameters in an attempt to incorporate some 
dependencies on winds and meteorology. The first such model historically is the well- 
known Hufnagel model [Hufnagel, 1974], which was developed on the basis of stellar 
scintillations and balloon measurements. The model, developed for altitudes from 3 
to 24 km above the surface, is represented as
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C^i h) =5 .94xI0"^^h^°exp(-h) (-^) ^ +2 .7xI0‘^ ®exp (-2h/3) (2.18)
where h is in km and the parameter V is in m/sec. The parameter V is defined as the 
root-mean-square wind speed in the range 5 to 20 km above ground:
20V = [ (1/15) (il) dh ] (2.19)
5
where v(h) is the wind speed in m/sec and the height is in km. The initial version of 
this model included a random modulation factor in order to introduce stratification and 
structure. This random model has not seen much use since the statistical parameters 
of the random factor are difficult to estimate or validate experimentally. The form 
given above is the mean of the Hufnagel’s original statistical model.
Ulrich [1988] extended the Hufnagel model from the lower 3-km altitude down to the 
ground following the suggestion of Valley [1980] to include a boundary-layer term. 
This new model, referred to as the Hufnagel-Valley model, adds an additional 
exponential term for the boundary layer. The model includes two parameters that can 
be adjusted:
C^i h)  = 5 . 9  4:XlO~^^h^° e x p  i - h )  i - ^ ) ^  + 20)
2 .7xI0"^®exp i - 2 h / 3 ) + A exp (-lOh)
The two parameters can be chosen so as to yield specific values of coherence scale 
and isoplanatic angle (defined in the next section). The most popular use of this 
model is termed the Hufnagel-Valley 5/7 model; that is, the parameters are selected 
such that C„^  profile yields a value of Fried’s parameter of 5 cm and isoplanatic angle 
of 7 prad (À=0.5 pm). For the 5/7 model, the parameters assume values of A=1.7x 
10"^  ^ and V=21. This extension of the Hufnagel model is in widespread use and 
shown in Figure 2.6 together with CLEAR I Night model for comparison.
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Figure 2.6. The profile calculated from the Hufnagel-Valley{5/7) model. The CLEAR I Night model is shown for comparison. [from Beland,1993
The Hufnagel-Valley model is a mid-latitude model, since it assumes a low tropopause 
(10 km above ground) and was developed from mid-latitude data. Its applicability to 
modelling C„^  in subtropical atmospheres with a high tropopause is questionable. 
Another shortcoming of the model is that it incorporates a dependence of the 
stratospheric falloff in on tropospheric wind speed, a dependence that is not in 
agreement with the available data. In addition, its exponential falloff in the first 3 km 
is unrealistic in the light of boundary-layer modelling. The virtue and appeal of the 
Hufnagel-Valley model is that it provides a model consistent with moderate values of 
coherence scale and isoplanatic angle. In many applications, the distribution of 
is of less importance than the integrated values. Also, it has the advantage that the 
moments of C /  important to propagation can be evaluated analytically.
Another parametric model worth noting is the VanZandt model, also known as the
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NO A A model. VanZandt et al. [1978] developed this model in order to derive C /  
profiles from meteorological data available from standard radiosonde observations. 
One feature of their model is that they allow for the possibility that only a fraction of 
the measurement volume is turbulent. Although there are a number of assumptions 
which are difficult to justify, the model results are in reasonable agreement with 
averaged C„^  profiles. The model incorporates the most physics of any of the existing 
models. It is the most complex model and its use requires expertise.
2.9. C/MOMENTS
The two most important moments of , coherence scale and isoplanatic angle, will 
also be included in this chapter, since they are measurable quantities directly 
physically applicable to system design/analysis. The statistics of these parameters 
based on extensive measurements exist in the literature. Both tend to follow log­
normal distributions. Since they are volume-averaged quantities, they give more stable 
numbers, and thus these statistics are considered more reliable than statistics. One 
common practice is to adjust the model parameters to conform with the measured 
moment values.
2. 9. 1. Coherence Scale (pg)
For a wave that starts out at a transmitter or other source with some very large spatial 
coherence, the spatial coherence of the wavefront will have been degraded and reduced 
to po after propagation through turbulence. Two points on the wavefront separated 
by a distance greater than Pg will be uncorrelated, pg is given by
L
pg = ( 1 .4 6 & 2  J  C^{z)  Q{z) dz  ) ( 2 . 2 1 )
z=0
where k = 2 n /X  is the wavenumber, L is the total path length and Q(z) is a weighting 
function depending on the nature of the optical source. For an infinite plane wave 
source, Q(z) is unity; while for a point source (spherical wave), it is (z/L)^ ^^ . In
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general, the degree of coherence of a beam wave lies between that of plane and 
spherical waves. Pg increases with wavelength (scales with wavelength according to 
so the loss of coherence is less in the infrared than at visible wavelengths.
A closely related quantity, very often also referred to as coherence scale is the Fried’s 
parameter ig. These quantities differ by a factor of (3.44)'^^ so that Pg=0.477rg. The 
difference arises from the different definitions and one can simply assume that one 
gives the radius and the other gives the diameter of the coherence area.
2. 9. 2. Isoplanatic Angle (0g)
Propagation along atmospheric paths that differ by small lateral or angular separations 
can have entirely different wavefront distortions. This has important implications for 
adaptive techniques employed to overcome the turbulence effects. The principle 
behind one broad area of these methods is to sense the phase distortions from some 
known source or beacon located at or near the target and apply the conjugate of this 
phase to the outgoing laser beam or incoming wavefront. The isoplanatic angle 
defines the maximum angle between the beacon optical path and the outgoing laser 
beam or incoming wavefront for which the two optical paths may be regarded to 
possess the same turbulence distortions. For vertical paths, it is given by
L
0g = ( 2 . 91ic^ (sec( |))  j c ^ ( h )  ( 2 . 2 2 )
0
where (|) is the zenith angle. 9g also scales with so the "isoplanatic patch" is 
larger for longer wavelengths. Isoplanatic angle has important implications for 
astronomy as well, when imaging extended objects such as planets.
2. 9. 3. Measurements of Moments
Numerous measurements have been reported of the two moments, either by direct 
measurements via optical means or by numerical integration of measured profiles
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[Beland, 1993]. For coherence scale, several features emerge. First, in general 
daytime values are smaller than night-time values. This is due to the greater daytime 
turbulence arising from convection. Depending on season and location, this diurnal 
vai'iation in po can be weak or strong. Second, in general mountain locations have 
larger average values at night than desert. In the day, the difference between 
mountain and desert is not as clear. A third observation is the much larger standard 
deviation associated with nighttime Po at mountaintops. This indicates the existence 
of very good and very poor seeing conditions on some nights, which do not occur in 
deserts. The available data also suggest that the optical data yield smaller average 
values than the balloon data. The optical measurements are made from domes that 
may have their own temperature structure and perturb the airflow, and these effects 
can result in dome-related turbulence.
The observation of isoplanatic angle data yield similar results. The superiority of 
nighttime 0q from mountain locations also emerges. Again, the large standard 
deviation for night-time Qq indicates the occurrence of very high values, consistent 
with the selection of astronomical sites.
Walters and Bradford [1997] have recently reported a statistical analysis of Po and 0Q 
measurements collected over the last two decades at 18 different sites. When these 
results were published, we had been trying to compile the results of occasional 
measurements scattered in the literature to get a more quantitative overall picture. 
These statistics are especially relevant to a technique to be proposed in this thesis 
(Chapter 9) as a countermeasure to atmospheric turbulence effects.
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There is an extensive literature on propagation through atmospheric turbulence and 
other random media. In particular, books by Tatar ski [1961, 1971], Strohbehn 
[1978], Zuev [1982], Karp et a l [1988], Sasiela [1994], Ishimaru [1997], Andrews 
and Phillips [1998], and the reviews by Lawrence and Strohbehn [1970], Fante [1975, 
1980], Beland [1993] can be consulted for a thorough understanding of the subject. 
Accordingly, no attempt is made to present the mathematical details which lead to the 
selected final results presented in this chapter.
3. 1. INTRODUCTION
As an aid to understanding the effects of refractive index fluctuations on a laser beam, 
a region of high or low refractive index is thought of as an eddy. The eddies larger 
than the laser beam diameter deflect the beam as a whole in a random manner (beam 
wander and angle of arrival fluctuations). The eddies of the order of the beam 
diameter act as lenses which focus or defocus all or parts of the beam, causing 
constructive and destructive self-interference across the beam as the beam propagates 
(scintillation). The smaller eddies independently diffract and scatter small portions of 
the beam causing beam spreading and wavefront phase distortion.
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Whilst a qualitative description of the effects of atmospheric turbulence on a laser 
beam is very easy, a complete quantitative description is extremely difficult. This is 
in fact just a special case of a more general problem of waves in random media. 
According to Ishimaru [1991], waves in random media pose one of the most 
challenging problems to theoreticians. There are several different theoretical 
approaches to the general problem of the propagation of waves in a random medium. 
The approach that proved to be the most fruitful has been directly solving the wave 
equation or a simplified form of it. The wave equation can be simplified by imposing 
certain characteristics of the propagating wave. In particular, since the wavelength À 
for optical radiation is much smaller than the smallest scale of turbulence (i.e., inner 
scale 1q), the maximum scattering angle is roughly A/Iq-IO"  ^rad. Hence, it follows that 
monochromatic radiation scattered by relatively weak, large scale refractivity 
fluctuations is contained within a narrow cone about the forward scatter direction. As 
a consequence, it has been shown that the term in the wave equation related to the 
change in polarization of the wave as it propagates is negligible. The lack of 
depolarization is a great theoretical advantage in that the vector wave equation may 
be reduced to a scalar wave equation.
Even with such simplifications, the wave equation cannot be solved exactly in closed 
form. Further simplifying assumptions must be made, which then yield only 
approximate solutions. One of the most widely used of these approximations is called 
the Rytov approximation. In this method, the wave equation in a medium of randomly 
varying refractive index is expressed in tenus of the logarithm of the field, and a first 
order perturbation technique is used to solve the equation.
Equations based on the Rytov approximation predict that the scintillation variance 
increases without limit as the turbulence strength or path length increases. In reality, 
however, it does not increase without limit. With increasing turbulence strength or 
path length, the variance reaches a peak value, and then slowly decreases to an 
asymptotic value. This effect is called saturation.
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The weak-turbulence theory is, in essence, a single-scattering theory and does not 
correctly account for multiple scattering effects. Qualitatively, saturation occurs 
because multiple scattering can cause the incident wave to become increasingly 
incoherent as it propagates into the medium. A single source of light can, therefore, 
appear as extended multiple sources scintillating with random phase. When these 
multiple apparent source fields are added, the resultant intensity scintillation is limited. 
Various methods of analysis have been proposed for dealing with strong fluctuation 
conditions, many of which are reviewed in Ishimaru [1997]. It has been shown that 
most of these methods are equivalent to each other under appropriate restrictions.
The effect of saturation upon the statistics of the phase fluctuations is relatively minor. 
Thus the associated results have a greater range of validity, and for most engineering 
purposes they can be used even in the presence of saturation.
3. 2. RYTOV METHOD
The starting point for describing the propagation through turbulence is the wave 
equation. If depolarization is neglected, the vector wave equation may be reduced to 
a scalar wave equation:
+ k ^ n ^ E  = 0 ( 3 . 1 )
where E is the electric field, n is the refractive index, k=2Tc/A and A is the 
wavelength. Because of the term in n ,^ this is a stochastic equation that cannot be 
exactly solved. We are more interested in amplitude and phase fluctuations relative 
to the free space values. We therefore work with E/<E> or E/Eq instead of E. The 
Rytov method begins by writing
^  e x p [ i  (E-E q) ] = exp( l | f)  ( 3 . 2 )
0 0
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where A is the amplitude, S is the phase, i|;=X+i(S-So), so X=log(A/Ao). X is the 
so-called log-amplitude. In the Rytov method E=exp(i)f) is substituted into the wave 
equation, which yields the Ricatti equation in i|;:
+ Vi|f. V$ + = 0  ( 3 . 3 )
The essence of the Rytov approximation is to perform a perturbation expansion in ijj
$  = $0 + 4^ + 4^ + . .  . ( 3 . 4 )
The zero-order term represents the unscattered wave, the first-order represents single 
scattering, the second order double scattering, and so forth. Only the first-order term 
is retained, so that
( 3 . 5 )
By convention, we define X=log(A/Ao)==A/Ao and Si=S-Sq. The random variable in 
the Rytov method is log-amplitude, but it should be remembered that, from the weak 
scattering point of view, it is identical to normalized amplitude fluctuations. Equation 
(3.3) can now be solved by using the standard procedures. The advantage of the 
Rytov method over a direct perturbation approach is that it has a greater range of 
validity. Since the perturbation is essentially multiplicative [since E=exp(xjJo) 
exp(t|fj], it requires only that the changes in the perturbations must be small over a 
scale of wavelength, rather than simply that the perturbations themselves must be 
small. The Rytov method predicts that both X and S, are normally distributed with 
zero mean. See [Tatarski, 1961] or other references for details.
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3.3. SCINTILLATION
The refractive index variations along a path of propagation modulate the intensity in 
a multiplicative manner, in the sense that if twice the intensity is transmitted then 
twice the variation is observed. The variations induced in each subrange of the path 
then combine multiplicatively to the extent that the effect of the atmosphere in each 
subrange is independent of the initial degree of coherence. Hence these refractive 
index variations modulate the logarithm of the intensity and amplitude in an additive 
manner. That is, the observed variation of log-amplitude is the sum of many random 
perturbations induced at various places along the path of propagation. As a 
consequence of the central limit theorem, the variations of log-amplitude should follow 
a normal distribution. This is the essence of the argument presented with 
mathematical details by Tatarski [1961],
Figure 3.1. Diagram of the geometry for determining the size of the most effective eddy located at path position z on a total optical path length of L. [from Clifford,1978]
Some important characteristics of the scintillation-producing process can be gleaned 
from a simple geometrical analysis [Clifford, 1978]. A refractive index irregularity 
(eddy) of radius 1, located at z, illuminated by a plane optical wave is shown in Figure 
3.1. A receiver at z=L observes the scintillation pattern that the eddy produces. The 
criterion that determines the effectiveness of this eddy in producing intensity 
fluctuations at L is the amount of excess phase path between AL and zL. For this 
eddy to be completely effective in producing scintillation, the ray paths AL and zL
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must differ by at least one-half wavelength of the incoming plane wave. From the 
geometry of Figure 3.1, this criterion requires that
1 “  \/A  {L-z) ( 3 . 6 )
This minimum size of the eddy turns out to be the most effective size for producing 
scintillation. Smaller eddies at z contribute less because of the weaker refractivity 
fluctuations associated with them in the Kolmogorov spectrum. Because the amplitude 
of the field scattered by the eddy is proportional to its refractivity fluctuation, 
proportionally less energy is scattered by smaller eddies. Larger eddies at z will not 
produce strong scintillation because they do not diffract light through a large enough 
angle to reach the receiver at L. Therefore, the most effective eddy for producing 
scintillation at the receiver is the eddy whose size is equal to that of a Fresnel zone 
for the rest of the path.
by(f)
- 0.2
Figure 3.2. Normalized covariance function of the log-amplitude fluctuations as a function of spacing in Fresnel zones. [from Clifford,1978]
Because the eddies are illuminated by a plane wave, the disturbance they produce at 
the receiver will have the same size, and hence, the predominant size of the spatial 
structure in the scintillation pattern also will be the same size of a Fresnel zone for 
the whole path. This explains why the covariance function (Figure 3.2) depends only 
on the Fresnel length and not on the entire refractive index spectrum.
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Figure 3.3. The dashed curve is the size (in Fresnel zones) of the most effective eddy size as a function of path position. The solid curve is the relative importance of refractive turbulence in producing scintillation.
The dashed curve in Figure 3.3 shows the behaviour of the radius of the most 
effective eddy as a function of path position. Note that the largest scale structure in 
the scintillation pattern originates from the transmitter end of the path, and the 
smallest scale structure from the receiver end. The relative effectiveness of different 
portions of the path for producing scintillation can be determined by inserting the most 
effective eddy size into the one-dimensional form of spectmm. Since we are carrying 
out a one dimensional analysis, the one dimensional form of the Kolmogorov spectrum 
is relevant. Then we obtain the scintillation weighting function for the path:
w ~ [A (L-z) ] 5/6 ( 3 . 7 )
The solid curve in Figure 3,3 shows this function. Note that the beginning of the path 
is most effective in contributing to the scintillation and that the end near the receiver 
has a very small influence. This last point can be made much clearer by considering 
Figure 3.4. The wave, initially having a uniform phase front at A encounters eddies 
between A and B. At location B, the wave has experienced phase changes which are
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due only to the speeding up and slowing down of different segments of the wavefront. 
The bumpy nature of the wavefront at B produces a deviation of the local wave 
normals so that rays emanating from different portions of the wavefront will 
eventually interfere and produce intensity fluctuations (scintillation) at C. That is, 
there must be some distance between eddies at a location and the receiver for the 
eddies to produce scintillation.
0
C
Figure 3.4. Schematic of the interaction of a plane optical wave with atmospheric refractive index fluctuations. [from Clifford,1978]
A rigorous derivation using the Rytov method with Kolmogorov spectrum gives the 
following result for the log-amplitude variance of an infinite plane wave:
o l  = 0 .  56  ( 1 , - z )  5 / » d z ( 3 . 8 )
This is in full agreement with the geometrical analysis given above. Equation (3.8) 
is valid when the inner scale is much smaller than the Fresnel zone size. For spherical 
waves the result is
( 3 . 9 )
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In contrast to the plane wave case, the spherical wave weighting function has its 
maximum value at the midpoint of the path and approaches zero at the source and the 
receiver. Thus, if the turbulence is concentrated near the transmitter, e.g., upward 
propagation through the atmosphere, the scintillation of a spherical wave (point 
source) will be less than that of a plane wave. For finite size laser beams, beam size 
and radius of curvature should also be taken into account, which greatly complicates 
the problem, as will be seen later.
The most meaningful quantity in describing the scintillation phenomenon is the 
normalized variance of the intensity fluctuations, also called the scintillation index:
( 3 . 10 )
< T > 2
The intensity is defined simply as
J = (3 .11)
The random variable in the theory based on Rytov method is log-amplitude, but it is 
usually more convenient to handle the experimental data in terms of intensity statistics. 
Because, a photodiode (or another square-law device) is used to obtain data on 
scintillations; electric voltage (or current) out of this device is proportional to intensity, 
not amplitude. If the log-amplitude (X) is normally distributed, it can be shown 
[Fried, 1967] that
a j  = e x p (4 a j)  - l  (3 .12)
An approximation to this equation can be employed as follows :
4aJ = ln(a^ +1) = + ^ - .  . . (3.13)- ^ 2  3
For <1, keeping only the first term in the series gives
4*2=0^^. U.14)
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Extensive experimental data on the intensity scintillations are available. Figure 3.5 
compares the experimental data with the theoretical prediction of the scintillation 
index calculated using the above equation based on the Rytov method.
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Figure 3.5. Observed variance of scintillation against the scintillation predicted by the Rytov method for various horizontal path lengths. [from S trohbehn,1968]
The Rytov method fails for a /  > 1, and does not predict the saturation phenomenon. 
The log-intensity variance predicted by the weak-fluctuation (Rytov) theory, however, 
is used even in strong turbulence theories since it gives a very useful information 
about the channel state.
The theoretical description of the strong fluctuations is rather complicated. We 
present here a qualitative explanation of the saturation phenomenon. The geometrical 
analysis given above assumes that the incident wave is plane and coherent across the 
entire eddy. However, as the wave propagates, phase fluctuations are introduced. If 
the phase difference fluctuations are small over a region comparable to the size of an 
eddy, we can neglect the effect of the loss of coherence, and the above results hold. 
If, however, the phase fluctuations become large, then the eddy is no longer coherent, 
and the results given above are no longer valid.
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Figure 3.6. Dependence of the coherence scale and the Fresnel zone size on path position.
For a constant turbulence strength level, we can introduce a distance for which 
o /= l, which separates the regions of weak and strong fluctuations. It can easily be 
shown that
PqW
yfKlj (3.15)
It is clear that Po>(AL)‘^  ^ in the region of weak fluctuations and po<(XL)^^  ^ in the 
region of strong fluctuations. From a physical point of view, this means that there 
exists many independent random secondary sources of a field inside the Fresnel zone 
in the strong fluctuation region. Thus, if po<(AL)^^  ^ then eddies whose size are of 
the order of no longer cause scintillation, and the dominant scale size is Po.
The Fresnel zone plays no further role in the process. The general behaviour of 
Fresnel zone size and coherence scale as a function of path position is shown in 
Figure 3.6.
In the strong fluctuation region, the covariance contains two scales (Figure 3.7). A 
small scale peak with a width of about the coherence scale and a long tail with a 
width of about the scattering disk size (L/kpo).
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Figure 3.7. Comparison of normalized covariance functions in the weak and strong fluctuation regions. [from Fante,1975]
Asymptotic theories have been developed for the saturation region, most of which give 
very similar results. The intensity variance in this regime can be approximated by
( 3 . 1 6 )
for spherical waves, and by
G* = 1  + 0 . 8 6  Gg“4/5 ( 3 . 1 7 )
for plane waves, where is the appropriate (spherical-wave or plane wave) variance 
calculated from the Rytov approximation. The strength of the small-scale fluctuations 
is constant in this regime and contributes a value of unity to the variance. The large- 
scale fluctuations contribute the rest of the variance and become weaker with 
increasing turbulence strength.
3. 3. 1. Downlink Scintillation
For propagation from the satellite to ground, the plane wave formula is valid. Weak 
fluctuation theory (Rytov method) together with the Kolmogorov spectrum (zero inner
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scale, infinite outer scale) yields the following expression for the normalized variance 
of intensity for a point receiver:
H
Oj = e x p  [2 .  24 ( seccj) ) (h) ] - 1  ( 3 . 1 8 )
0
where (j) is the angle from the zenith, H is the satellite altitude. The integration 
variable has been transformed so that the integration is from the ground to the altitude 
H. It should be noted that in the above formulation the curvature of the earth has 
been neglected. The above relationship brakes down when (j)~87o, since the sec(|) 
varies very rapidly near 87°. The approximation is good to -85®
The change in the variance with zenith angle is well known through stellar 
observations and has been measured by a number of people. The variance increases 
with zenith angle, but the measurements indicate that the variance only increases up 
to about 60-70° and remains constant (some data show a slight decrease) with further 
increase in angle. The phenomenon is referred to as "the saturation of scintillation" 
and is similar to the saturation effect observed in laser beam propagation over 
horizontal paths. The saturation of stellar scintillation was noted before the analogous 
effect was seen over horizontal paths, and originally it was attributed to an effect of 
atmospheric dispersion.
The Rytov theory predicts log-nonnal statistics for the amplitude/intensity fluctuations. 
The PDF of stellar scintillation has been investigated experimentally. Results are 
found to agree well with a log-nonnal law far from the saturation regime. At large 
zenith distances, where saturation occurs, data approximately fit a K distribution.
3. 3. 2. Uplink Scintillation
For the uplink, the effects of the finite beam-size and focus adjustment must be 
considered. Kon and Tatarski [1965] calculated the amplitude fluctuations of a 
collimated beam using the perturbation technique. Schmeltzer [1967] extended these
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results to include focused beams. Fried and Seidman [1967] and Kinoshita et al. 
[1968] used these results to obtain numerical values for a variety of propagation 
conditions. Ishimara [1969a, 1969b] used a spectral representation to obtain similar 
results.
Early analyses of turbulence effects on finite laser beams by using the weak- 
fluctuation theory have predicted drastic reductions of uplink on-axis scintillation 
levels with increasing beam-size, compared with that of a point source [Fried, 1967b], 
[Kerr and Dunphy, 1973], [Titterton, 1973a]. The mechanism providing this reduction 
is usually termed transmitter-aperture averaging. Dunphy and Kerr [1977] concluded 
that this effect has important practical implications for uplink beams, especially at 
longer wavelengths. The radial distribution of scintillation was ignored in these 
works. In a practical situation, in addition to residual pointing errors, mechanical and 
atmospheric long-lived instabilities cause a constant shift between aiming point and 
receiver centre. Two recent studies [Shelton, 1995], [Andrews et al., 1995] have 
shown that as beam-size is increased, the scintillation variance gradient grows large 
(in many cases scintillation levels exceeds the limitations of weak-fluctuation theory), 
resulting in an increasing sensitivity to pointing errors.
3.4. PHASE FLUCTUATIONS
For phase fluctuations large eddies are important. The importance of the large eddies 
poses a problem, since this portion of the spectrum (input range) does not have a 
universal shape and depends on the generation mechanism of turbulence. For this 
reason, attention was focused on the phase structure function D^(p) which is less 
sensitive to large scales. Assuming the Kolmogorov spectrum, it is given by
C , ( p )  =  2 ( - k ) 5 / 3  ( 3 . 1 9 )r  0
The probability distribution for phase fluctuations, based on the same arguments for
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log-amplitude, is normal. Fluctuations in phase difference do not saturate or change 
significantly in the multiple-scattering region. The primary contribution to the phase 
difference is the change in velocity along a ray path. It is immaterial in this 
calculation whether or not the coherence length is smaller or greater than an eddy. 
There will still be substantial phase fluctuations induced by the medium. Hence we 
do not expect a saturation-type effect for phase difference fluctuations.
The wave structure function (WSF) is related to the phase and log-amplitude structure 
functions by the relation
= D j p )  + D^ i p )  (3 . 20)
Since the phase structure function is usually larger than the log-amplitude structure 
function, the wave structure function is dominated by the phase term. Although the 
WSF is expressible in terms of the phase and amplitude structure functions, the 
simplicity of evaluation of the WSF and its central place in the calculation of many 
atmospheric-optical effects make it appear as a physically significant quantity in its 
own right, rather than simply the combination of two physically significant quantities. 
The WSF can be equated with the mean-square magnitude of the difference of the two 
phasors (containing phase and log-amplitude variations) at r, and 1*2 , correcting the 
optical electric field vector for fluctuation associated with propagation in a randomly 
inhomogeiieous medium [Fried, 1966].
3. 5. BEAM WANDER
A finite optical beam will experience random deflections as it propagates, caused by 
large-scale inhomogeneties of the atmospheric turbulence. The deviations of the 
centroid of the beam in each of the two orthogonal transverse axes will be independent 
Gaussian random variables. Beam wander is generally characterized statistically by 
the variance of the angular displacement. Both the magnitude of the displacement and 
the component along a single axis are used. For isotropic turbulence, the variance of
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the magnitude is simply twice the variance of the component. For the downlink, the 
beam wander variance can be written as [Churnside, 1993]
= 2 . 9 2  sec^/^<|) f c ^ { h ) h ^ d h  ( 3 . 2 1 )
0
where 0 is the full-angle beam divergence, (|) is the zenith angle, and H is the orbital 
height. For typical system parameters, the RMS beam wander is of the order of 
nanoradians. This is much less than the typical beam divergence values and can be 
neglected.
Since it is far away from the turbulent atmosphere, the satellite receiver does not sense 
the beam displacements, but fluctuations of the angle of arrival of the uplink beam 
translate into beam wander. Thus, for the uplink, the beam wander variance can be 
approximated by [Churnside, 1993]
H
= 2 . 9 2  sec(|) f c ^ ( h ) d h  ( 3 . 22 )
0
where D is the beam diameter. The uplink beam wander can be a significant fraction 
of a narrow beam.
3. 6. ANGLE OF ARRIVAL FLUCTUATIONS
In considering angle of arrival (ADA) fluctuations (it is also known as "image motion" 
or "tilt"), one must distinguish carefully among different definitions of ADA, 
remembering that the AOA is closely tied to the equipment involved. Attempting to 
remove equipment considerations, Strohbehn and Clifford [1967] used the direction 
of the wave normal at the receiving point. With this definition, the AOA is 
proportional to the spatial derivative of the phase fluctuations. Their results are of 
little practical value since most measurement techniques do considerable averaging 
over the phase front.
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If one is using an interferometer, then the AOA is the phase difference measured at 
two points separated by some distance. Obviously, the separation distance affects the 
measurements. If the observation is made with a telescope instead of an 
interferometer, wavefront tilt from all points in the unobstructed aperture will 
contribute to image motion. For large apertures, wavefront tilt in different regions of 
the aperture will be uncorrelated and lead to a reduction in image motion. In addition, 
a non-uniform intensity distribution will give unequal weights to tilts in the different 
regions of the aperture. As the aperture dimensions exceed the intensity correlation 
distance this effect will diminish in importance since the average intensity pattern 
predominates over the fluctuating part.
The gradient (G) tilt is defined as the average wave-front gradient that is present in 
the aperture of interest. Quadrant detectors and centroid trackers measure something 
that strongly resembles the G tilt. The Zernike (Z) tilt is the direction that is defined 
by the normal to a plane that best fits the wave-front distortion.
Since the variation in phase is approximately normally distributed, it follows that the 
variation in AOA in one plane is approximately normally distributed with mean zero 
and fluctuation a^. Therefore, since the turbulence causes both lateral and vertical 
angular deviations, the net variation in AOA is approximately Rayleigh distributed. If 
the turbulence is isotropic
H
2 . 9 2  s e c ^ j  c ^ i h )  d h  ( 3 . 23)
0
where D > L being the distance from turbulence to telescope, and a is
expressed in radians. Note that AOA fluctuations are independent of optical 
wavelength, proportional to air mass (sec (j)) between source and observer, and only 
weakly dependent on telescope aperture diameter. Strength of turbulence at each 
altitude is weighted equally.
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In many cases it is of interest to express the AOA fluctuations in terms of the 
diffraction angle (À/D) and Fried’s coherence diameter i'q. The one-axis RMS tilt error 
can be expressed as
0=0 . 427  ^  (_^)5/6 ( 3 . 24 )
0
Although the above equations are strictly valid only for weak turbulence, it has been 
shown that they are also approximately valid in strong turbulence.
The significant effect of outer scale on tilt jitter was pointed out by Valley [1979]. 
Sasiela and Shelton [1993] have calculated tilt jitter for finite outer scale with both the 
von Karman and Greenwood models for outer scale. The leading correction term is 
to the 1/3 power in both cases, which results in a significant effect on tilt jitter even 
when the outer scale is much larger than the aperture diameter. A finite outer scale 
decreases the turbulence at the long wavelengths and thereby decreases the tilt 
variance.
3 .7 . BEAM SPREADING
In the absence of atmospheric turbulence, an optical beam exiting from an aperture of 
size D will have an angular spread due to diffraction on the order of À/D, where X 
is the wavelength. However, in the presence of turbulence, the beam is scattered by 
turbulent eddies, thereby inducing beam spread which can be much greater than that 
associated with diffraction alone. In sufficiently strong turbulence, the beam can be 
broken up to such an extent that it appears as an ensemble of individual beams.
The primary effect of beam spreading is to spread the average energy over a larger 
area. Thus, the average value of the on-axis intensity is reduced and the average value 
of the intensity at large angles is increased. Since beam spreading is a statistical 
quantity, the amount of the spreading fluctuates in time. This aspect has not been
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treated in depth in the literature.
Yura [1973] and Tavis and Yura [1976] used the extended Huygens-Fresnel principle 
to calculate the spread of a Gaussian beam. The results are collected and summarized 
by Fante [1975, 1980]. Valley [1979] presents more complicated integral expressions 
that include inner-scale and outer-scale effects. Breaux [1978] performed numerical 
calculations for the case of a truncated Gaussian beam with a central obscuration. By 
curve fitting, he obtained very useful approximations. These expressions agree fairly 
well with available data [Downling and Livingston, 1973], [Cordray et al., 1981], 
[Searles et al., 1991]. Note that beam spreading is relevant only to the uplink. For 
the downlink, beam spreading is essentially confined to pure diffraction.
There will be a temporal change in the specific structure of the broadened beam due 
to the velocity of the smaller eddies. This so-called beam breathing effect is due to 
the random interference pattern generated by eddies which lies within a transverse 
coherence length of the optical radiation. The characteristic time scale for beam 
breathing is [Karp et al., 1988]
t  « L  (3 . 25)'jb Y
where V is the transverse wind velocity.
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The design of any optical system operating in the atmosphere requires previous 
investigations of atmospheric turbulence conditions at the system's location. In 
addition, if outdoor optical measurements are to be useful in assessing the 
performance of the optical system, or in checking propagation theory, they must be 
supported by simultaneous direct measurements o f atmospheric turbulence. Stellar 
observations provide a useful and convenient means for these purposes in the case o f 
ground-satellite optical communications. We first review the refractive index structure 
parameter profiling techniques based on stellar observations. For implementation we 
selected the technique based on spatiotemporal analysis of captured speckle patterns. 
The experimental setup and the measurement technique are briefly described. We then 
present some sample results. Finally, an evaluation of the first phase o f the 
measurement campaign and a future work plan are given.
4. 1. INTRODUCTION
Atmospheric turbulence causes fluctuations of the refractive index of air, which in turn 
produces fluctuations in amplitude and phase of an optical beam propagating through 
it. Therefore it should be possible to deduce the characteristics of turbulence from 
observations of the fluctuations of the optical wave. The turbulence characteristics to
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be probed include the strength of turbulence as represented by the refractive index 
structure parameter and the wind velocity. Remote sensing of these quantities may 
be divided into two areas: one is to find averages of the quantities over the total path 
length, and the other is to obtain the profiles of these quantities as functions of 
position along the path. It should be obvious that finding the profile, rather than the 
average, requires more data taking.
There have been many attempts to derive profiles of refractive turbulence in the 
atmosphere using both in si tu and remote sensors. In si tu sensors generally provide 
poor data continuity in time. Because of the expense and difficulty of launching 
balloons or aircraft, they are by their nature strictly intermittent probers of the 
turbulent atmosphere. On the other hand in si tu sensors provide very high spatial 
resolution, with the caveat for balloon-borne sensors that they are transported by the 
local wind velocity, which makes their trajectories unpredictable. Remote sensors 
such as the existing optical scintillometers have much poorer resolution and work with 
the highest efficiency at night. They do, however, provide nearly continuous 
monitoring of the atmosphere with minimum expense. Remote sensing techniques 
based on stellar observations are reviewed in the following section.
4. 2. REVIEW OF AVAILABLE TECHNIQUES 
4. 2, 1. Direct Inversion
Peskoff [1968] and Fried [1969] were first to point out that the exact profile of C f  
can be obtained theoretically from knowledge of the spatial cross correlation of stellar 
scintillation measurements. Both Peskoff and Fried have assumed that the spectral 
density of the optical refractive-index fluctuations is known and constant throughout 
space. The magnitude of the fluctuations is assumed to vary relatively slowly over 
space and is described by the structure constant C,^ (^z). The objective of both workers 
was to determine C„ (^z) by measuring the spatial covariance function of the log- 
amplitude fluctuations, B^Cp). If the spectral density of the refractive index
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fluctuations follows a Kolmogorov model, the expression for Bx(p), which contains 
an integral of C„ (^z), may be inverted mathematically and C„\z) may be determined. 
Fried demonstrated a numerical procedure that accomplishes this objective. However, 
neither author investigated how sensitive Bx(p) is to variations of C/(z). Strohbehn 
[1970] later carried out such an investigation. His findings are summarized below:
(1) The log-amplitude covariance function is not very sensitive to the turbulent 
layers. The strength of the refractive-index fluctuations in a layer would have to be 
about 10 times as much as the fluctuations near the ground, to be detectable.
(2) The covariance function is very insensitive to the height of a layer.
(3) Variations of the form of the spectral-density function of the refractive- 
index fluctuations produces much greater variations than do turbulent layers. These 
variations would mask the desired result, unless the form of 0(K) is very well known. 
However, 0(K) is a difficult function to determine, and undoubtedly varies with 
height.
(4) The nonstationarity of the atmosphere would be expected to cause 
variations of the covaiiance functions as great as those produced by turbulent layers.
Strohbehn concluded that the inversion procedure suggested by Peskoff and Fried for 
determining C„ (^z) was seemingly not a practical method for detecting clear-air 
turbulence. He pointed out, however, that a more sophisticated experiment might 
reveal the winds aloft. Shortly after, Peskoff published a paper [1971] on remote 
sensing of wind profiles.
We have located a paper by Jarem [1984], which is related to the technique under 
consideration. Jarem states that this technique has not received much attention in the 
literature because the inverted solution is extremely sensitive to noise. He then 
proposes a regularization technique to overcome the noise sensitivity problem. He, 
however, does not seem to be aware of Strohbehn’s paper which ruled out this 
technique on other grounds.
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4. 2. 2. Spatial Filtering
In 1974 Lee [1974] initially suggested that using a spatially filtered optical transmitter 
and a spatially filtered optical receiver, cross-wind velocity and strength of refractive 
turbulence at some localized region along the line-of-sight path could be measured. 
Later, Churnside et al. [1988] thoroughly investigated this technique. One obvious 
drawback of this technique is that it requires a spatial filter on each side of the 
measurement volume. For vertical profiles of the atmosphere, a spatially filtered 
transmitter in space would be required. Ochs et al. [1976] used a point source (a star) 
and a spatially filtered receiver to measure vertical profiles. Profiles obtained in this 
way have much poorer spatial resolution because of the information that is lost when 
the transmitter is not spatially filtered. Different models of the stellar scintillometer, 
popularly Icnown as the Star Sensor, based on the theory presented by Ochs et al. have 
been built at the American NO A A. This NO A A scintillometer has achieved 
widespread use in various measurement efforts. This is an optical detection instrument 
package which fits over the exit port on the back of a conventional telescope. It 
measures, effectively at the entrance aperture to that telescope, scintillations in the 
intensity across arriving stellar light wave fronts. It does this through a filter at 
selected spatial wavelengths over a range, and, from the resulting scintillation spatial 
wavelength spectrum, an associated data processing computer produces a profile of the 
optical turbulence structure parameter C f ,  extending from -2-20 km along a line from 
the instrament to the star. This profile consists of seven values of turbulence strength, 
each assigned to one of seven ranges along the line. The performance of the stellar 
scintillometer as a turbulence profiler depends chiefly on the ability of its spatial filter 
to resolve the various spatial wavelengths of the scintillating intensity patterns, the 
reader is referred to the references [Ohcs et al., 1976],[Chonacky and Deuel, 1988] for 
a detailed description of the technique.
The main problems of the method are the appreciable overlap of the weighting 
functions and that the broad peaks of the functions can appreciably degrade the 
measured vertical profile of C„^ . The problem of layer interdependence in the C f
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profiles obtained by this method has been examined by Battles and Muiphy [1990], 
because it was noted that correlation coefficients for C f  values between different 
levels were surprisingly large in a number of data sets obtained in different 
measurement programs. The findings of this study indicate that various mechanisms 
exist, other than the scintillometer itself, that could lead to a high degree of 
correlation. Nevertheless, Krause-Polstorff et al. [1993] have recently refined the 
original treatment of the stellar scintillometer and noted a significant improvement in 
the results. The original treatment of the scintillometer assumes a perfect spatial filter. 
It also incorrectly implements the photomultiplier tube response and neglects the 
spectral effects of the source.
Recently another technique has been proposed [Hanson et al., 1994] in which a second 
spatial filter at the receiver supplies the additional information that is required. 
Because all the filtering is done at the receiver, the transmitter can be almost any 
natural or artificial source. Clifford and Churnside [1987] have also proposed using 
a moving airborne light source, such as a laser on an airplane, and a spatially filtered 
receiver to obtain high spatial resolution turbulence profiles. It is possible with this 
method to infer both vertical profiles of C,,^  and the shape of the refractive turbulence 
spectrum. Profiles of key parameters such as the turbulence microscale are thereby 
accessible from ground-based measurements. Krause-Polstorff and Walters [1990] 
have supplemented the original analysis and suggested the possible usefulness of the 
method when using a satellite source.
4. 2. 3. Spatiotemporal Analysis
In 1973 Vernin and Roddier [1973] have shown that bidimensional spatiotemporal 
spectra of stellar light scintillation reveal unambiguously the multilayer structure of 
the air turbulence in the upper troposphere. Caccia et al. [1987] have later exploited 
this finding to propose a wind and C f  profiling technique. The atmosphere is 
considered as a discrete superposition of N thin turbulent layers. Since these layers 
are assumed statistically independent, the overall correlation function is the sum of
65
Atmospheric turbulence measurements
each individual correlation function. Using only the spatial autocorrelation (i.e. t = 0 ) ,  
one would obtain a supeiposition of N peaks stacked at the correlation plane origin 
and, it would thus be almost impossible to extract information relevant to each 
separate layer. For nonzero values of t, however, the autocorrelation peak 
corresponding to each individual layer is displaced from the origin to a point 
determined by the horizontal wind velocity vector and r . Thus, if t is chosen 
sufficiently large, the peaks are well separated from one another, and each reveal 
considerable information about its corresponding layer; the position of the correlation 
peak defines the wind velocity vector, the shape of the peak defines the altitude, and 
the height of this peak defines the integrated refractive-index parameter.
4. 2. 4. Two Colour Atmospheric Dispersion
Caccia et al. [1988] have shown that using the atmospheric dispersion of the light 
coming from a star far below the zenith, it is possible to separate the effects of the 
turbulent layers and thus extract information about each of them. The amount of 
separation of correlation peaks from the origin depends on the layer height and zenith 
angle. The comparison between the experimentally measured values of the distances 
between the origin and the positions of the correlation peaks and those given by 
numerical calculation provides the altitude corresponding to each detected correlation 
peak. The vertical resolution is better for the lower layers and for larger zenith angles.
The main advantage of this technique is the possibility of detecting turbulent layers 
below 1 km with a very good vertical resolution. For example, Caccia et al. detected 
a 250-m high layer with a vertical resolution of ±150 m. A drawback of the technique 
is that although it requires large zenith angles, it can only work in weak turbulence 
conditions. The authors claim that the scintillation index never exceeded 0.5 during 
their observations, but it seems doubtful as to whether the two requirements can be 
satisfied in different locations and time.
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4. 2. 5. Spatioangular Analysis
A double star technique has been discussed by Wang et.al. [1974] and this method has 
been employed by Rocca et al. [1974] to obtain reasonable results for a number of 
atmospheric layers. Two neighbouring stars, a small angle 0 apart, cast on the ground 
identical shadow patterns separated by a distance 0h, for which the spatioangular 
correlation function is maximum. The height of the turbulent layer which corresponds 
to the intersection point can thus be determined, although the diffraction phenomena 
do not permit accurate separation of the two light beams. By comparing the 
experimentally obtained spatioangular correlation function and the theoretical results, 
quantitative estimations of the turbulent strength in each layer can be deduced. 
However, in their analysis Rocca et al. had to assume the thickness of the turbulence 
layer. A deficiency of this method is the need to have a suitable optical binary source. 
If the angular separation of the double-star observed is not sufficiently large, different 
layers are hardly resolved. Unfortunately, more-widely separated double stars of 
almost equal magnitude are two faint to be observed with reasonably sensitive 
equipment.
4. 2. 6. Wavefront Phase Analysis
The techniques described above exploit the spatial or temporal (or both) cross­
correlation properties of the intensity of the measured optical field. It has been shown 
that the cross-correlation properties of the wavefront phase can also be exploited for 
remote sensing [Welsh and Koeffler, 1994],[Welsh, 1992]. In this approach, one 
exploits the cross-correlation properties of the wavefront phase detected from two 
spatially separated point sources. The geometry of the two sources and two wavefront 
sensors (WFS’s) are configured to give rise to crossed optical paths. The two sensor 
measurements are correlated in order to extract information about the C„  ^profile at the 
intersection of the crossed paths. The two sources could be a pair of natural stars or 
artificial stars created with a laser. The turbulence contributions along each path are 
highly correlated at the intersection point of the two paths, but for points away from
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the intersection the correlation decreases because of the divergence of the paths. The 
intersection point can be varied if the source or sensor separations are changed and 
in this way profiles of the turbulence strength and transverse wind velocities can be 
obtained. The geometry of the crossed paths and the characteristics of the wavefront 
slope sensor determine the achievable resolution. The signal-to-noise ratio calculations 
indicate the need for multiple measurements to obtain useful estimates of the desired 
quantities.
4. 3. EXPERIMENTAL SETUP
After the review process, we selected the spatiotemporal analysis for implementation 
for the following reasons; This technique requires relatively less hardware compared 
to others and relies heavily on data processing. This means a smaller total cost for 
the experiments. Although it seemed a promising technique, it had not drawn much 
attention from the technical community, who seem to be keen on the spatial filtering 
approach. Consequently, we would easily be able to exploit this technique to 
improve/refine it further.
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Figure 4.1. schematic representation of the experimental apparatus. Intensity fluctuation patterns in the telescope pupil plane are imaged both onto an ICCD camera and onto a photomultiplier tube. These two signals are recorded for off-line processing.
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A schematic representation of the experimental system is shown in Figure 4.1. Using 
a Fabry lens placed in the telescope focal plane and a semi-transparent plate, the 
atmospheric speckle pattern is simultaneously imaged onto a image-intensified CCD 
camera and onto the pinhole diaphram of a photomultiplier (PM) tube. These two 
signals are recorded by personal computers for off-line processing, including the 
estimation of spatiotemporal cross-correlation functions for different values of delay 
time.
The measurement technique actually requires a second camera instead of the PM tube. 
However, it can easily be shown [Caccia et al., 1987] that this setup is an unbiased 
estimator of the actual correlation function, assuming a homogeneous, stationary and 
ergodic process. By using two cameras the results can be improved significantly. 
Abitol and Ben-Yosef [1994] describe a method for temporal control of two cameras.
Figure 4.2. Sample CCD camera output showing the captured speckle pattern, caused by redistribution of energy across the beam profile (scintillation) due to atmospheric turbulence. Finer granular structure indicates stronger turbulence.
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The size of the image captured by the ICDD camera is 164x164 pixels. This 
corresponds to about one quarter of the 50-cm telescope aperture area, as shown in 
Figure 4.2. A full size image (512x512 pixels) would be too computationally 
demanding. The exposure time of the ICCD camera is 0.5 msec. Such a short 
exposure time is required to freeze the atmospheric speckle patterns.
The diameter of the PM pinhole is 0.6 mm. This diameter corresponds to about 35 
mm at the telescope pupil plane. The pinhole diameter is equal to 24 pixels at the 
image plane. The sensitive area of the PM tube is thus much greater than that of the 
ICCD pixel, and the latter can be neglected in determining the spreading of the 
correlation function due to the use of finite measurement apertures.
The data acquisition subsystem comprise of a 12-bit A/D converter, an image grabber 
with a PCI bus, an I/O board for sampling control and two personal computers. The 
subsystem works under the Windows operating system. The subsystem acquires 100 
PM signal samples during a 0.5 msec (camera exposure time) period. Figure 4.3 
shows a sample PM tube output. These samples are averaged to get a better signal-to- 
noise ratio. The time lag between the PM and ICDD signals can be adjusted between 
0-30 msec.
The spatiotemporal cross-correlation function is calculated by successively summing 
many real time 2D functions, and given by
< l { x , y , t )  , J(x ,y , t+x}>
<j(x,y, t) > . < J t + T )  > (4.1)
where <> represents an ensemble average during the integration time T. For each 
pixel position (x,y), a circular area with a diameter of 24 pixels is determined, the 
centre being (x,y). Then I(x,y,t) is computed as the mean value of the pixel intensities 
within the circular area. This local averaging method is different from the original 
treatment, and allows obtaining clear correlation peaks with much less frames. The
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disadvantage is that correlation peaks are broadened.
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Figure 4.3. Sample photomultiplier tube output
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The integration time T is very important because the wind velocities fluctuate with 
time. If T is too large, expression (4.1) no longer remains valid (nonergodicity) and 
the wind velocity fluctuations lead to a spreading of the correlation peaks. If T is too 
short, the statistical weight of the estimations is very poor, that is C(x,y,x) has a low- 
signal-to-noise ratio. The empirically determined optimal compromise between the 
above mentioned limitations is an integration time of about 5 min. Our system 
captures 1500 frames during a 5-min period.
The method of extracting the desired parameters consists of using a least-squares 
analysis to find the best possible local fit of the experimental correlation peaks to 
those given by the theory. Experimental peaks are successively compared with twenty 
theoretical peaks corresponding to altitudes from 1 to 20 km, using a 1-km step. The 
position of the peak defines the wind speed vector, the shape of the peak defines the
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altitude, and the height of the peak defines the integrated refractive index constant 
over a 1-km thickness. An accurate determination of these parameters should take 
into account as well as possible the effects of noise and spreading of the correlation 
peaks by the experimental point spread function, which is the correlation of the 
response of the light intensifier of the ICDD camera by the circular function 
corresponding to the PM pinhole.
4. 4. INITIAL RESULTS
Using only the spatial autocorrelation (i.e. zero time lag), we obtain a superposition 
of the peaks corresponding to turbulent layers stacked at the correlation plane origin 
as shown in Figure 4.4. For nonzero time lags, the autocorrelation peak corresponding 
to each individual layer is displaced from the origin. Figure 4.5 and 4.6 show sample 
spatiotemporal cross-correlation results for a time lag of 5 msec and 2.5 msec, 
respectively. Although four peaks are visible in Figure 4.5, only one of them is 
clearly detectable. Table 4.1 gives sample detected layers.
20 40 60 80 100 120 140 160
Figure 4.4. Sample autocorrelation result.
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Figure 4.5. Sample spatiotemporal crosscorrelation result for a time lag of 5 msec.
Figure 4.6. Sample spatiotemporal crosscorrelation result for a time lag of 2.5 msec.
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Table 4.1. Sample results
Date 23.3.1998 23.3.1998 26.3.1998 26.3.1998
Time 19:43:09 20:11:40 18:48:40 19:17:03
Azimuth 191.87 204.85 171.12 184.97
Elevation 58.60 56.77 59.03 5&83
Height(km) 16.22 16.72 18.01 18.82
C /.A h 4.9x10" 4.8x10" 8.8x10'^ 9.6x10-^^
Initial results show that the current state of the experimental setup and the processing 
algorithm can detect only the most prominent layers. The signal-to-noise ratio (SNR) 
needs to be significantly improved to detect more layers. One measure to increase the 
SNR is to increase the number of cross-correlation frames being summed. This 
requires much more powerful computers and/or preferably a dedicated correlator. This 
is also required for this technique to be useful for real-time measurements. Another 
measure is to use a second camera instead of the PM tube, or if affordable, a single 
fast-scan CCD camera. We also found that altitude accuracy was less than expected. 
We have increased the altitude steps from 1 km to 2 km. The second measure will 
improve the altitude accuracy as well.
4. 5. FUTURE WORK
Turbulence below a few kilometres is undetectable in this and similar techniques, 
because the scintillation it induces is very weak. Since scintillation is a diffraction 
phenomenon, some distance between the turbulent layer and the pupil is necessary for 
any intensity fluctuations to be detected. This is a severe disadvantage because 
turbulence near the ground (boundary layer and surface layer) and in the telescope 
dome makes a strong contribution to the total phase perturbations. To overcome this 
limitation, scintillation can be detected on a plane at some distance away from the 
pupil [Avila et al., 1997]. At the back of the telescope a rotating optical bench is
74
Atmospheric turbulence measurements
attached, composed of two fixed lenses and a movable electro-optic device. The first 
lens, a field lens set exactly at the telescope focus, displaces the image of the 
telescope pupil to provide access, in the image space, to the conjugate part of the 
atmosphere where the analysis plane is placed. The second lens is used to collimate 
the beam. One can move the detector back and forth to set the analysis plane in the 
pupil plane, above it, or below it. The feasibility of incorporating this technique into 
the experimental setup needs to be investigated.
In the first phase of the project, we spent most of the time to overcome a host of 
practical difficulties in setting up the experimental system and implementing the 
processing algorithm. Thus, we have not accumulated a large enough data set to reach 
definite conclusions, but the initial results do not seem very encouraging. In addition 
to the hardware improvements mentioned before, the following two issues related to 
atmospheric turbulence need to be considered.
The original treatment assumes Kolmogorov spectrum for all the layers. However, in 
situ  measurements of the spectra of temperature fluctuations in the upper troposphere 
and in the stratosphere have shown that the spatial structures of the temperature 
fluctuations at high altitudes differ strongly from predictions based on the Kolmogorov 
model. One-dimensional vertical temperature power spectra measured from a balloon 
have a slope close to -3 instead of to -5/3. The same -3 power law follows from the 
theory of saturated internal gravity waves. This corresponds to the slope -5 instead 
of -11/3 in the three-dimensional Kolmogorov model. Gurvich and Belenkii [1995] 
have presented a model for the 3-D spectrum of refractive-index fluctuations in the 
stratosphere, based on the modern concept of the theory of saturated internal gravity 
waves and on data from in s itu  measurements of temperature fluctuations in the 
stratosphere. Currently it is possible to obtain only preliminary estimates for the two 
parameters of the model. To obtain refined values and validate the model requires 
more data taking. This model needs to be eventually used for the layers in the 
stratosphere. The technique allows one to assume different spectra for different layers.
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The second issue is the unusually bad seeing conditions at the measurement site (See 
Chapter 5). The full-width-half-maximum of the correlation function is approximately 
where h is the altitude of the turbulent layer. The theoretical length increases 
with height, but a real correlation peak cannot be larger than the phase coherence 
scale. If the coherence scale is very small, which is often the case at the measurement 
site, the altitudes of many high turbulence layers will be underestimated. The impact 
of this problem needs to be assessed, which may suggest to switch either to another 
technique or to a more suitable site.
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Experimental observations regarding the laser beam propagation in the atmosphere 
can be grouped into two categories [Lawrence and Strohbehn, 1970]: First category 
comprises measurements that may be meaningfully compared with theory. In this kind 
of experiment the optical configuration is close enough to the theoretical models, and 
the meteorological parameters are known well enough so that such a comparison 
should either prove or disprove theory. In fact, the only experimental configuration 
for which the meteorological parameters can be obtained in detail is a short (for paths 
longer than 1 km the meteorological parameters are rarely statistically homogeneous) 
horizontal path close to the ground. Measurements in the second category are those 
that are taken under such conditions that a comparison is meaningless, but they do 
provide numerical values showing the magnitude of the effects. The ETS-VI 
experiment belongs, in principle, to the latter category. Nevertheless, ETS-VI became 
the first ever satellite carrying an optical communications package, and thus any 
result should be of great interest to the communications community in general and to 
the free-space optical communications community in particular.
5. 1. EXPERIMENTAL DESCRIPTION
Engineering Test Satellite VI (ETS-VI) was launched on 28 August 1994 by the 
National Space Development Agency of Japan. Owing to failure of the apogee 
propellant system, the satellite could not achieve its intended geosynchronous orbit, 
but ended up in an highly elliptic sub-recurrent orbit. The orbit attained allowed about 
3 hours of experimentation approximately every three days. Optical communication
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experiments were conducted between December 1994 and July 1996 by 
Communications Research Laboratory (CRL) of Ministry of Posts and 
Telecommunications. That the satellite was passing through the Van Allen belt, which 
was detrimental especially to the solar cells, reduced the lifetime (ended on 5 July 
1996) of the satellite. Many scheduled experiments were cancelled due to adverse 
weather conditions. From spring to summer in 1995, satellite passes were during 
daytime. It is very difficult even to perform acquisition under strong solar background 
light. Consequently, only one sample is available between March and August 1995. 
The limitations of onboard memory and the telemetiy link allowed a maximum sample 
size of 10 sec per 3 hour session. As a result, we were able to acquire a limited 
amount of propagation data.
During a typical experiment, the ETS-VI satellite was illuminated by a 4.8 W, 0.5 pm 
argon-ion laser through a 20-cm aperture from the ground station at the CRL main 
campus in Tokyo. The uplink signal was collected by a 7.5-cm telescope and 
measured by the onboard APD with 500 Hz sampling frequency and a dynamic range 
of more than 20 dB. One of the two 13.8 mW, 0.83 pm laser diodes was used for the 
downlink transmission. The downlink signal was collected by a 150-cm telescope. 
The downlink modulation mode was selectable from three choices: (1)RX mode: 
regeneration and retransmission of uplink signal; (2) PN mode: transmission of 
pseudorandom noise sequences;(3)E2 mode: real-time transmission of telemetry at 128 
kb/sec. Its contents include information such as the uplink BER count, received 
optical power, variation of satellite attitude etc. Each bit in a 128 kb/sec telemetry 
data stream was repeated 8 times to arrive at the designed data rate of 1024 kb/sec. 
This high level of redundancy made it possible to correct for errors. The 1024 kb/sec 
E2 data stream was made up of 2048 bit long frames. Each frame lasted 2 msec, 
resulting in a frame rate of 500 Hz. The S-band telemetry provided only 1 Hz 
sampled data. The optical E2 telemetry, however, was capable of providing high-rate 
(up to 500 Hz) sampled data.
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Figure 5.1. Functional block diagram of Laser Communication Equipment (LCE) onboard the ETS-VI satellite. [from Shimizu et al.,1990]
During night-time experiments, an image-intensified CCD camera at the focus of the 
150-cm telescope could monitor both the satellite image and the transmitting laser 
beam so that the transmitting direction could easily be adjusted to the satellite 
direction. This resulted in completion of the uplink acquisition within several seconds. 
During daytime experiments, when the satellite was not observable, a spiral scanning 
search was necessary. This automatic search process required about 1 minute.
The optical payload onboard the satellite was named Laser Communications 
Equipment (LCE). The LCE tracked the uplink beam with a combination of coarse 
and fine tracking mechanisms. Fluctuations of the uplink received power affected 
operation of the pointing and tracking subsystem of the satellite transmitter. Onboard 
fine-tracking worked only when the received optical intensity was above the threshold 
level of 0.64 nW/cm^. Fine pointing mirrors returned rapidly to the nominal position
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Figure 5.2. Fine tracking error at LCE on 5 November 1995. [from Toyoshima and Araki,1998]
for weaker uplink levels. Because the operational frequency of coarse-tracking is 
about 2-3 Hz, it was less affected by the received intensity fluctuations due to 
atmospheric turbulence. The coarse tacking system, which consists of a two-axis 
gimbal mirror and a CCD tracking sensor, has an accuracy of 33 prad, which is too 
large to establish a reliable communication link. As a result, planned bidirectional 1 
MHz data communication experiments could not be realized. Reportedly, this was 
partially realized during the experiments conducted in cooperation with Jet Propulsion 
Laboratory, thanks to much better atmospheric turbulence conditions at Table 
Mountain Facility in California [Wilson et al., 1997a]. We did not take part in these 
experiments and do not have access to the collected data. The information contained 
in the published papers [Wilson et al., 1997b], [Jeganathan et al., 1997] is very 
limited, which does not allow us to draw conclusions. Therefore, in this chapter we 
are concerned merely with the experiments conducted from Tokyo. The author spent 
a total of 4 months (1+3) in Tokyo to take part in some sessions of the experiment.
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Table 5.2. Original link budgets
UPLINK DOWNLINK
Laser power (dBm) 37.0 11.4
Transmitter optics Loss(dB) -5.2 -5.3
Beamwidth (microrad) 20 30
Transmitter antenna gain (dB) 109.0 104.6
Pointing loss (dB) -2.0 -0.5
Diffraction loss (dB) 
(Range=37800 km)
-299.3 -295.2
Atmospheric transmissivity(dB) -3.0 -2.0
Receiver aperture (cm) 7.5 150
Receiver antenna gain (dB) 113.2 135.0
Receiver optics loss (dB) -10.1 -4.4
Received power (dBm) -60.4 -56.4
Required Power (dBm) (BER=10"®) -62 -58
Margin (dB) 0.1 2.7
5. 2. ATMOSPHERIC TURBULENCE CONDITIONS AT THE EXPERIMENT 
SITE
No data characterizing turbulence along the specific path between ground station and 
the satellite, taken simultaneously with the experiments are available. Statistics based 
on long term, systematic measurements of atmospheric turbulence at the site are also 
not available. We only have occasional measurements of Fried’s parameter (i'q) , from 
which an average value of 2-3 cm is estimated.
The CRL main campus which hosts the optical ground station used in the experiments 
does not have the characteristics of a carefully selected observatory site. It is about
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100 m above the mean sea level and in the middle of an urban area. In the absence 
of quantitative data, a few words about the effect of cities on atmospheric conditions 
are in order. The activities of man alter atmospheric conditions in three ways: (1) by 
changing the character of the earth’s surface; (2) by adding energy to it from artificial 
sources; and (3) by adding matter to it. The modification of the surface affects the 
way in which solar radiation is absorbed and retransmitted to the atmosphere and 
changes the frictional resistance to the wind. The combustion of fuels heats the air 
and adds particulate and gaseous contaminants. Many other activities introduce 
matter (pollutants) into the atmosphere. The most definite influence of cities is on the 
temperature. Cities are on the average 1°C to 2°C warmer than surrounding rural 
areas both day and night and in all seasons of the year. Because the air moving from 
rural areas to cities on clear nights is heated, surface inversions usually do not occur 
over urban areas. Instead, there is a normal lapse rate through the lowest one hundred 
metres or so, above which the usual nocturnal inversion occurs. The winds in cities 
are generally lighter than in the country because of the buildings of cities serve as 
obstacles to the wind, increasing the frictional resistance. The irregularity of the 
surface causes more turbulent fluctuations of the wind over cities. Pollution sources 
are responsible for a smaller amount of radiation reaching the ground, a reduction in 
the visibility (visual range), and a greater frequency of fog. The insolation is reduced 
as much as 20 percent in the centre and windward portions of cities on days with 
inversions and light winds.
5.3.  UPLINK RESULTS
The uplink beam divergence was varied during the initial phases of the experiment 
(Figure 5.3) and a collimated beam was found to give the best results. Figure 5.4 
shows that a 7-dB increase of the uplink transmitter power was required to get the 
fine-tracking loop locked with a 90% probability. The threshold of the fine-tracking 
loop was approximately -58 dBm. Note, however, that the sampling rate of CCD and 
QD (quadrant detector) sensors was only 1 Hz and thus all the atmospheric-turbulence-
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induced scintillation and most of the beam wander effects were eliminated from these 
curves. The beam diameter was also varied and it was finally set at 150 mm during 
the experiments reported here. This means that the ratio D/po, where D is the laser 
beam diameter and Po is the coherence scale, was usually very large. The 
implications of this will be explained later.
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Figure 5.3. Cumulative probability of uplink power level as received by the onboard CCD detector for various beam focus settings.
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Figure 5.4. Cumulative probability of uplink power level as measured by the onboard quadrant detector for various beam focus settings.
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Figures 5.5 and 5.6 show the received uplink signal against time on January 24 and 
27, 1996. Figure 5.5 is an example of strong fluctuations and Figure 5.6 is an 
example of moderate fluctuations. They have also been selected to demonstrate that 
day to day variations can be more remarkable than seasonal variations. Further 
comparisons of these two samples will be made in the following subsections.
I I 1--------- 1
January 2 4 ,1 9 9 6
2 2.6 3
time (sec)Figure 5.5. Uplink received power against time on 24 January as example of strong fluctuations.
I-----------,
January 2 7 ,1 9 9 6
2 2.5 3
time (sec)
Figure 5.6. Uplink received power against time on 27 January as an example of moderate fluctuations.
One issue which has not yet satisfactorily resolved is the probability density function 
(PDF) satisfied by the intensity of laser beam propagating through atmospheric
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turbulence. Over the years many models have been proposed. The list includes 
lognormal, negative exponential, K distribution, IK distribution, generalized K 
distribution, universal statistics model, lognormally modulated exponential, 
lognormally modulated Rician, exponential Bessel, Furutsu distribution, and split- 
source model [Frechlich and Churnside, 1989]. Some of these distributions differ only 
in minor details. Given the large uncertainty in atmospheric turbulence conditions, 
this situation may seem as scientific curiosity and hairsplitting to the practising 
engineer. In fact this is only partially true, since knowledge of the PDF permits 
considerable simplification of the propagation equations. These simplifications, which 
stem from relating the higher order statistical moments of the complex field to its 
lower order moments, are required in practice to work out solutions for the intensity 
variance and covariance functions.
The correct mathematical model of the PDF is the one that agrees well with 
experimental results. At present, the following two conclusions seem to be 
undisputed: (1) in the region of weak fluctuations both theoretical work and 
experimental results oveiivhelmingly support the lognormal distribution; (2) in the very 
strong turbulence region, Dashen [1979] has shown theoretically that the PDF of 
intensity approaches a negative exponential. In this section, experimental evidence is 
presented in support of the second conclusion.
The intensity fluctuations of laser scintillation are a unique phenomenon. A 
measurement of the probability density function (PDF) of this random process, 
especially in the strong fluctuation region, poses difficult technical problems, which 
will be discussed later. First, let us determine what we should expect, given the 
experimental conditions.
The very strong turbulence region can be approached by increasing path length 
through turbulence and/or turbulence strength and/or the ratio D/pg. In the 
experiments reported here, the latter was the dominant factor. Lee et al.[1976] have
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Figure 5.7. Normalized variance of intensity due to coherent fading against ratio beam diameter to coherence scale.
proved analytically that as the ratio D/po becomes large, the asymptotic limit for the 
normalized variance is unity for arbitrary focus and aperture distribution. The limiting 
value of unity for the normalized vaiiance is consistent with a physical model in 
which the laser aperture is represented by a large number (N=DVpo^) of identical 
frequency, randomly phased oscillators, where each oscillator represents a discrete 
coherence area (p^ )^ contained in D^ . The field at the observation plane then consists 
of the sum of contributions from each independent oscillator. According to the central 
limit theorem, the field distribution should be normal. This in turn leads to a negative 
exponential distribution of intensity and normalized variance of unity. It has been 
shown [Dunphy and Kerr, 1977] that for N=DVpo^ oscillators having identical 
frequencies but independent mutual phases, the normalized variance of intensity is 
given approximately by
o' 1- [exp (4op -1] (d V p > i ) (5.1)
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where exp(4o/)-l represents the fading of an individual oscillator. The general 
behaviour is shown in Figure 5.7. The beam is expected to be broken up into multiple 
beamlets for D/po>3.
Several attempts to confirm the validity of the prediction of negative exponential 
distribution failed, because unrealizable turbulence levels are required over achievable 
horizontal paths. When the receiver is located in the turbulent medium, the received 
field is the result of multiplicative effects instead of additive effects, particularly if the 
scattering cone is narrow. When the receiver is located far away from the turbulent 
medium, the situation changes [Strohbehn et al., 1975]. In this case the field at the 
receiver is the sum of a large number of waves scattered from different regions. Thus, 
a ground to satellite link is ideal in this respect to test the prediction.
Another great advantage of a ground to satellite path over a horizontal path is related 
to aperture size requirements for measuring strong scintillation. The spatial scale of 
intensity fluctuations becomes smaller and smaller as the integrated path turbulence 
strength increases and extremely small apertures are required to avoid averaging. This 
issue was addressed by Churnside et al. [1989] by experiments. For a 1200-m path, 
they obtained good measurements with apertures of 0.2 and 0.5 mm. They also found 
that the 0.5 mm aperture was too large for a 2400-m path. For superstrong turbulence 
under which a negative exponential PDF is predicted, even smaller aperture sizes are 
required. Such extremely small apertures imply very low signal-to-noise ratios and 
thus poor measurements. The spatial scale of intensity fluctuations at the satellite was 
of the order of 3.58 - 4.35 meters in the ETS-VI experiment. These are much smaller 
than the receiving aperture size, therefore there was no receiver aperture averaging for 
the uplink.
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Table 5.2. Experimental results of uplink to ETS-VI satellite
DATE TIME ELEVATION
ANGLE
RANGE
(km)
MEAN
POWER
(iiW)
VARIANCE NORMAL­
IZED
VARIANCE
SAMPLE
SIZE
3 /1  9 5 1 9 :2 7 5 2 .5 3 6 8 0 0 1 .5 4 3 .4 6 0 1 .4 5 6 4 2 1 6
5 /1 8 1 3 :4 3 5 2 . 0 3 3 7 0 0 2 .3 7 8 .2 0 4 1 .4 5 5 3 0 6 9
8 /1 6 0 7 : 0 5 4 8 .7 2 8 6 0 0 2 .3 2 7 .4 9 2 1 .3 9 1 3 1 3 2
9 / 1 2 0 7 : 2 3 5 7 . 6 3 6 5 0 0 3 .1 2 1 3 .3 3 1 .3 7 3 3 5 8 6
9 /2 1 0 4 : 3 0 4 8 .1 2 6 5 0 0 4 . 9 6 2 1 . 6 9 3 0 .8 8 1 4 2 2 9
1 0 /3 0 5 : 2 3 5 5 .5 3 4 1 0 0 4 .1 5 1 6 .3 1 9 0 .9 4 8 3 8 4 0
1 0 /1 8 0 4 : 0 5 5 4 .3 3 2 3 0 0 2 .7 7 1 0 .6 9 5 1 .3 9 0 2 6 8 7
1 0 /2 1 0 2 : 3 3 4 8 .8 2 5 2 0 0 6 .4 4 2 6 . 8 0 2 0 . 6 4 7 3 6 7 4
1 1 /2 0 1 : 4 9 4 9 .3 2 5 0 0 0 4 .8 5 2 3 .5 2 8 0 . 9 9 9 7 7 0 6
1 1 /5 0 1 : 4 4 5 0 . 0 2 5 5 0 0 5 . 4 0 2 6 . 3 7 2 0 .9 0 5 3 2 6 2
1 2 /2 0 0 : 2 5 5 2 . 6 2 6 5 0 0 4 . 3 8 2 2 .0 5 1 1 .1 5 1 2 8 1 5
1 2 /5 0 0 : 1 5 5 2 .8 2 6 3 0 0 3 .6 9 1 9 .1 8 1 1 .4 0 8 3 4 4 1
1 2 /8 0 0 : 4 8 5 5 . 9 3 0 4 0 0 4 . 8 0 2 3 .2 8 3 1 .0 0 1 3 9 8 5
1 2 / 1 0 0 0 : 1 4 5 4 .5 2 7 7 0 0 5 .3 1 1 5 .4 1 9 0 .5 4 6 4 4 7 5
1 2 /2 5 2 3 : 3 3 5 6 . 0 2 8 8 0 0 2 .3 8 1 1 .6 2 0 2 . 0 5 2 3 1 5 7
1 /1 2  9 6 2 2 : 2 5 5 6 .5 2 8 5 0 0 4 . 0 9 2 2 . 6 3 6 1 .3 5 2 3 8 9 3
1 /2 4  9 6 2 1 : 2 7 5 8 .8 3 1 2 0 0 2 .1 7 9 .2 7 9 1 .9 6 7 3 2 7 6
1 /2 7  9 6 2 1 : 2 6 5 6 .5 2 7 6 0 0 4 . 6 7 1 5 .8 1 9 0 . 7 2 4 4 4 8 0
Table 5.2 summarizes the uplink measurement results. The weak-fluctuation region 
is identified by the condition <0.75 [Karp et al.,1988]. Thus, it seems that the 
experiments coincided with exceptionally good seeing conditions (large p^) on three 
occasions. In conformity with the expectation, the rest of the normalized variance of 
intensity values indicate strong fluctuations. Since the two adjustable parameters of 
the approximate model given by Equation (5.1) are not precisely known, the values 
cannot be placed onto the graph. However, the variance values are within the predicted
88
ETS-VI experiment
bounds. Normalized variance values greater than one indicate that the asymptotic 
limit of unity is approached very slowly, in agreement with the permanence property 
of lognormal distribution [Mitchell, 1968], which means that the probability 
distribution of the sum of a number of lognormal random variables is itself very close 
to a lognormal distribution. Because of skewness, the sum of lognormal random 
variables approaches Gaussian statistics much more slowly than for variables without 
skewness [Barakat, 1976].
Since additional data characterising experimental errors are not available, one can only 
comment on the statistical estimation error due to the finite sample size. The estimate 
for the variance is given by
0^ = 1 / N 2 ^  ( J - <J >) 2  ( 5 . 2 )k=l
where N is the sample size. If the sampling interval is longer than the correlation 
time of the random signals (uncorrelated samples), the mean square error of the 
variance estimation is given by
MSE =VAR[oJ] =1/N^ V A R [ { I - < I > ) ^ ]
= 1 / N ,  ( < ( J - < J > ) ^ > - < ( J - < I > ) 2 > ^ ) ( 5 . 3 )
where N„ is the number of uncorrelated samples. Assuming negative exponential 
distribution
MSE = 1 / N  ( 9 0 ^ -0 ^ )  = S a l / N" (5 4)RMSE = = ± 1 0 0 ^ 8 / 7 ^  %
To proceed, one needs to estimate the number of uncorrelated samples. The 
correlation time depends on transverse wind velocity and turbulence strength profiles. 
The autocorrelation functions were plotted for each sample to estimate the correlation 
time. In most of the plots, there is a fast decay with time lags of the order of 2-6 
msec. After the initial fast decay, the correlation coefficients drop to a floor level at
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varying rates. The first observation is consistent with the famous "memoryless" 
property of the exponential distribution. The second observation indicates the 
existence of the effect of slowly varying pointing jitter. In two samples (Dec. 10/95
24 Jnnuary '
t  0.75 fcO.75
time lag (msec) time lag (msec)Figure 5.8. Normalized autocorrelation function of a virtually uncorrelated sample.
Figure 5.9. One of the rare examples of normalized autocorrelation function exhibiting a very long correlation time.
and Jan.27/96), this feature is dominant. This means that in general each variance 
value given in Table 5.2 is more or less an overestimation of the scintillation variance. 
For a less qualitative analysis, a commonly used rule of thumb for the inteipretation 
of the correlation coefficient (p) is useful:
0 ^ Ip 1^0.5, weak c o r r e l a t i o n  0.5<Ip I <0.8, moderate  c o r r e l a t i o n  0 . 8 ^ 1 p 1^1, s t r o n g  c o r r e l a t i o n ( 5 . 5 )
Using this rule, the correlation time is of the order of 2-16 msec except in a few 
anomalous cases where slow variations are dominant. This means that is of the 
order of N-N/8, and the RMS error of the variance estimator is of the order of 5-20%. 
Fitzmaurice [1971] gives more rigorous procedures for determination of the number 
of independent samples.
Most of the histograms show a good fit to negative exponential distribution. Figure 
5.10 is a typical example. A few samples which indicate moderate fluctuations do not
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fit well to exponential PDF (Figure 5.11). Some data are contaminated by large 
pointing errors. If we remove the pointing-error-induced zero values from the 
samples, the remaining data fit much better to the exponential PDF. The model given 
by Kiasaleh [1994], which combines the exponential PDF with the PDF of intensity 
fluctuations caused by pointing jitter assuming a Gaussian beam profile at the receiver, 
cannot be used in these cases. This model is useless, since the intensity profile does 
not retain its Gaussian shape in the strong turbulence.
£
niirTripTr-Ti--^ ^4 0 B 10 t 2 rR c c a lv e d  p o w e r  (n v ioFigure 5.10. A typical histogramand exponential fit
s
R o c o tv a d  p o w Q fFigure 5.11. Histogram of a sample indicating moderate fluctuations.
The cumulative probability plots of data collected on Januaiy 24 and 27 are given in 
Figures 5.12 and 5.13. Deviations from the exponential CDFs are not pronounced in 
these plots.
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R eceived power (nW) Figure 5.12. A typical CDF and exponential fit.
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Figure 5.13. Measured CDF on January 27 and exponential fit.
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Various methods exist for a quantitative analysis of PDFs. The most important ones 
are reviewed below:
(1) Hypothesis testing method: When an objective of the experimental work is to test 
the data against two or more specific theoretical predictions, hypothesis testing permits 
a quantitative comparison. One disadvantage of the method is that although it may 
give a very strong indication that one hypothesis is better, none of the hypothesized 
distributions may be a very good fit to the actual data.
(2) Goodness-of-fit tests: The significance of the goodness-of-fit tests is difficult to 
evaluate. The effect of the experimental errors on the calculated acceptance level is 
not known, and there are questions regarding the proper choice of the sample size for 
the Kolmogorov-Smirnov test and the number of degrees of freedom for the chi-square 
test.
(3) Comparison of moments: Another procedure that lends itself to quantitative 
comparisons is to compare measured moments with those from candidate theoretical 
distributions. These comparisons are usually carried out up to the fifth moment, 
though moments of up to eighth order have been reported [Majumdar, 1984]. 
Comparison of moments has the advantage that many data runs corresponding to 
differing turbulence conditions can be displayed on a single graph, whilst graphing 
PDFs requires many more graphs. However, it has been shown that the intensity 
moments are misleading statistics because of the amplifier saturation effect. Also, 
extremely large amount of independent samples are needed to obtain statistically 
reliable values of higher order moments.
In the case of the ETS-VI experiment, the limited sample size and limited number of 
samples leave little or no room for further elaboration. The primary use of the above 
methods is to present a large amount of data in a quantitative fashion, instead of 
providing a few "typical" examples. In this case it is possible to provide the reader
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with all the available graphs. Please refer to the appendix to examine all the PDFs, 
CDFs, autocorrelation functions and PSDs.
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Figure 5.14. Power spectral density of a sample showing the effect of beam motion at low frequencies.
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Figure 5.15. Power spectral density of a sample showing the dominance of beam breakup over beam motion.
93
ETS-VI experiment
The turbulence effect on frequency domain spread is the result of the normal (to the 
propagation path) component of both natural wind velocity and slewing velocity due 
to satellite motion [Fante, 1975]. The frequency spectrum of beam wander is 
characterized by a rapid exponential decrease from zero frequency. Essentially all 
motion is confined to frequencies below 10-20 Hz. Significant spectral components 
below 10-20 Hz therefore indicate the influence of beam wander. This is evident in 
Figure 5.14. As the beam breakup becomes more severe, so that scintillations 
predominate over wander, and a flat frequency response is observed as in Figure 5.15.
5 .4 . DOWNLINK RESULTS
The large (150 cm) receiving aperture smoothed the downlink turbulence-induced 
scintillation. Please refer to Chapter 6 for details. Remaining fluctuations are almost 
entirely due to pointing errors caused by satellite micro vibrations. In order to be able 
to measure the downlink scintillation, one had to employ an additional point receiver. 
Therefore, the downlink results of this particular experiment are of no interest from 
the point of view of atmospheric turbulence effects. In fact, extensive data exist in 
the literature relevant to downlink propagation, acquired through stellar observations. 
However, because of the very low signal levels, these data are susceptible to noise 
effects. Also, stars are broadband sources. Even if narrow optical filters (which 
attenuate the signal as the bandwidth decreases, so it cannot be too narrow) are used, 
finite band widths will have some effect on the results. Therefore, measurements talcen 
with a monochromatic, powerful source could still be of interest. In Table 5.3 
selected results are presented to give an idea of the magnitudes of mean power and 
fluctuations. As expected, no obvious correlation is discernable with the uplink results 
corresponding to the same time intervals. Since we were the first to have the 
opportunity to take measurements simultaneously at both ends, it would be very 
interesting to study the correlation between them. Titterton’s work [1975] suggest that 
some uplink propagation statistics can be deduced from the downlink statistics or vice 
versa, taking advantage of the reciprocity principle. This idea could be further
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explored with the help of experimental data. Another point is that simultaneous 
bidirectional measurements would provide more information about the turbulence 
conditions during the measurement period.
Table 5.3. Selected experimental results of downlink from ETS-VI 
satellite.
DATE TIME (JST) ELEVATION
ANGLE
RANGE
(km)
MEAN
POWER
(pW)
NORMALIZED
VARIANCE
08/16 95 07:04:25-45 48.7 28600 48.3 0.000127
07:04:45-05:55 48.4 0.000128
09/12 07:22:25-45 57.6 36500 209.3 0.0033
07:22:45-23:05 225.4 0.0022
09/21 04:29:30-50 48.1 26500 22.4 0.5315
04:29:50-30:10 23.2 0.4947
10/18 04:04:30-50 54.3 32300 4.4 0.0053
04:04:50-05:10 4.4 0.0080
10/21 02:32:50-33:10 48.8 25200 7.8 1.2644
02:33:10-30 7.3 1.3735
12/11 00:13:25-40 54.5 27700 177.1 0.0079
00:13:40-55 177.8 0.0098
12/25 23:33:00-15 56.0 28800 76.0 0.0609
23:33:15-30 74.5 0.0622
01/12 96 21:25:30-45 56.5 28500 18.1 0.5894
21:25:45-26:00 16.7 0.5701
01/27 22:25:05-20 56.5 27600 80.3 0.0755
22:25:20-35 74.3 0.0944
Toyoshima and Arald [1998] measured the far-field pattern of the onboard laser 
transmitter, using the steering capabilities of the onboard point ahead mechanism. The 
method used, was to synthesize an approximate pattern by combining the data taken 
at different points (each has a dwell time of more than about 10 sec) and to
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approximately eliminate the effect of pointing jitter. For more information about the 
ETS-VI experiment, refer to [Toyoda et ah, 1996], [Toyoda et al., 1997], [Araki et 
al., 1997] and the references contained therein.
5.5.  SUGGESTIONS
5. 5. 1. Suggestions for Future System Designs
SYSTEM DESIGN METHODOLOGY : The ground and satellite terminals used in 
the ETS-VI experiment were manufactured by different companies and supervised by 
different CRL personnel. The satellite terminal was designed as an intersatellite link 
package and the ground station was designed as a general purpose facility. Seemingly, 
the only work that can be counted as a system design study was a simplified link 
budget, which resulted in a design which did not successfully accommodate the 
atmospheric turbulence effects at all, let alone being optimum. In fact, established 
guidelines for an optimum ground-satellite optical communication system design do 
not yet exist. This motivated us to redefine the scope our work as "to study system 
design/analysis issues of ground-satellite optical communication links taking into 
account all the issues that have a significant impact on the system performance, 
aiming to derive well-defined guidelines together with necessary tools in the form of 
graphs, tables, algorithms, computer programs, simulation models etc". This proved 
too ambitious a task for a PhD study, and we have arrived at the present form by 
leaving out a number of issues such as background radiation, pointing/tracking 
subsystem, modulation, coding , simulation and modelling issues etc. This should be 
done in due course preferably by an interdisciplinary team, because we don’t think 
anybody has all the required expertise in this interdisciplinary area.
WAVELENGTH SELECTION : The uplink wavelength of 0.5 pm is not well suited 
for propagation through turbulence. Longer wavelengths, such as 1.55 pm, are 
recommended. The choice of wavelength should be based on a unified analysis of
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propagation issues, background noise, and the necessary technologies including lasers, 
detectors and spectral filters. Shaik and Hemmati [1995] provide such an analysis.
Scintillation, beam wander, beam spreading and isoplanatic angle considerations favour 
longer wavelengths for the uplink. A point ahead of about 50 prad can be handled 
within the isoplanatic patch when a wavelength near 2 pm is used. Detectors suitable 
for space laser communications currently limit usable wavelengths to about 1 pm and 
less. InGaAs detectors can be used to extend the usable wavelength range to 2 pm, 
if some risk in reliability and higher detector noise is acceptable.
The effects of the atmosphere are not significant enough to shift the balance toward 
longer wavelengths for the downlink. Diode lasers operating between 0.67 to 0.98 pm 
wavelengths are ideal for satellite-to-ground links.
MODULATION : A simple OOK system operating in atmospheric turbulence 
requires a variable-decision threshold and exhibits high error rates at high scintillation 
index values. A better approach is to use a symmetrical modulation scheme, such as 
Manchester (BPPM) modulation. Symmetrical binary modulation is also efficient in 
the presence of substantial background noise. The ETS-VI system used BPPM 
modulation, but employed a conventional (fixed-) threshold detector instead of a 
Manchester receiver. This scheme is equivalent to the simple OOK modulation, and 
would exhibit very high error rates if communication links were established properly. 
The Manchester receiver converts the detected signal to NRZ fonnat by comparing the 
energy received in each half time slot [Muoi, 1983]. This processor is always 
optimum regardless of turbulence level.
BEAM SIZE : It is apparent that too large a beam size can have significantly 
deleterious effects on the uplink fading performance. A substantial reduction in fading 
can be achieved through the control of beam size and cancellation of beam wander. 
See Chapters 7 and 9 for details.
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Other system design and analysis issues are discussed in the following chapters.
5. 5. 2. Suggestions for Future Experiments
BANDWIDTH INCREASE : Uplink data samples were obtained at a 500-pps rate. 
The raw data bandwidth have extended from DC to 250 Hz. Power spectmm analysis 
suggests that in some cases there were scintillation components at frequencies higher 
than the 250-Hz bandwidth available in this experiment. At least a factor of 2 
bandwidth increase is recommended for future experiments. This will involve 
tradeoffs with signal-to-noise ratio and memory size.
REMOVAL OF NOISE : If the actual intensity fluctuations is described by a PDF 
p(x), and the noise is characterized by a PDF p„(y), then what we measure is given 
by the following convolutional integral :
= / p ( y ) p „ ( x - y ) d y  ( 5 . 6 )
In the case of digital representation it takes the form
= Ê p ( : ( ) P j i - j )  ( 5- 7)
This represents an infinite number of simultaneous equations and an infinite number 
of unknowns, the unknowns being p(j) (j=0,l,2,...). These unknowns represent the true 
intensity fluctuation statistics, uncontaminated by noise. Strictly speaking, this means 
that corruption of the data function by noise generally makes the recovery of the 
object function impossible. However, because p„ is fairly sharply peaked, and pleasured 
goes to zero outside some finite range, we can truncate the set of equations. In the 
discrete, finite-dimensional case the ill-nature of the problem is still present and is
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expressed by the instability of the solution for small variations of data values. As a 
consequence, error propagation from the data to the solution can deprive the solution 
of any physical meaning. A method developed by Cochetti and Consortini [1993] can 
be used to overcome this problem.
One needed to perform a separate experimental observation of the noise PDF. The 
usual way of doing this is to switch off the transmitter just after the scintillating signal 
has been recorded (for, say, 1 min) in order to permit the recording all effects of stray 
light, sky background, electronics offset etc. (for, say, 20 sec). This was not done 
during the ETS-VI experiments.
DYNAMIC RANGE INCREASE : Intensity fluctuations are in general characterized 
by short periods of very high level (compared to the mean) and somewhat longer 
periods of low signal level. Accurate recording of this type of phenomena require an 
extended instmmental dynamic range.
I r
II
Figure 5.16. Detection system characteristic curve, [from Consortini and Conforti,1984]
Figure 5.16 shows typical behaviour of an automatic real-time acquisition system that 
digitizes the signal with a given number of bits. The detection system is linear up to 
a given intensity I^s, which is the saturation threshold; for I>Ids the detection system
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saturates. Although the lowest measurable intensity level is shown as zero in the 
figure for convenience in analyses, it is actually determined by the system noise level.
Such a behaviour may seriously deteriorate the measured high order moments, which 
are strongly dependent on the measurement of very high intensities. The dynamic 
range of the measurement system was somewhat more than 20 dB. Quite probably 
this dynamic range is not sufficient for high order moment measurements. A 
quantitative analysis of the deterioration of high order moments by system saturation 
depends on the saturation threshold, average intensity, variance of scintillation and 
probability density function [Consortini and Conforti, 1984].
SAMPLE SIZE INCREASE : In the ETS-VI experiments, the duration of the largest 
sample was limited to 10 sec owing to small memory size onboard the satellite. 
Sample size should be increased somewhat, but a drastic increase is not possible. The 
nonstationarity of atmospheric turbulence restricts the duration of a single 
measurement. A reasonable maximum duration of single measurement, assumed to 
be carried out in stationary conditions, does not exceed 1 min. Ben-Yosef and 
Goldner addressed this problem through mathematical analysis [1988] and computer 
simulation [Goldner and Ben-Yosef, 1988], and concluded that it is impossible to 
deduce the exact PDF among various candidate PDFs with sample sizes of the order 
of lO^-lOt
CORRECTION FOR TRANSMITTER VIBRATIONS : Vibrations of the satellite 
transmitter induce intensity fluctuations at the ground receiver as illustrated in Figure 
5.17, which can contribute significantly to the total intensity fluctuations unless the 
beam divergence is extremely large. The frequency of such vibrations extends to a 
few hundred Hz, which coincides with that of the turbulence-induced intensity 
fluctuations. If the vibration effect is not identified and removed, severe measurement 
errors can result. Thiermann and Rummel [1998] have recently proposed a technique 
to remove the vibration contribution. The technique employs detectors with a spacing
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larger than the Fresnel zone. Correlations of the intensity fluctuations measured at 
these spaced detectors are caused by transmitter vibrations and used for correcting the 
measured intensity fluctuations at the individual detectors to infer the pure turbulence 
effect.
rotational vibration 
of transmitter
detector poeltion —
Figure 5.17. Induction of intensity fluctuations at the detector due to transmitter vibration. [from Thiermann and Rumme1,1998]
SIMULTANEOUS TURBULENCE MEASUREMENTS : If outdoor optical 
measurements are to be useful in assessing the performance of the optical system, or 
in checking propagation theory, they must be supported by simultaneous direct 
measurements of atmospheric turbulence. If simultaneous turbulence measurements 
are not taken, one usually ends up with more unknowns than equations. Coherence 
scale is the most important parameter and must be measured. Isoplanatic angle gives 
information about high altitude turbulence, but if possible C,j^  profiles should be 
measured using one of the techniques reviewed in Chapter 4.
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COUNTERMEASURES TO ATMOSPHERIC TURBULENCE EFFECTS: DOWNLINK
The co n cern s  f o r  d o w n lin k  p ro p a g a tio n  p a th s  a re  sc in tilla tio n  a n d  a n g le -o f-a rr iv a l  
f lu c tu a tio n s . B ea m  w a n d e r  a n d  b ea m  sp re a d in g  a re  o f  the o r d e r  o f  n a n o ra d ia n s  in 
th is case, a n d  therefore n eg lig ib le . Scin tilla tion  can  be o verco m e b y  r e c e iv e r  apertu re  
a vera g in g . The co u n term ea su re  to  a n g le -o f-a rr iv a l f lu c tu a tio n s  is  to  o p tim ize  the  
f ie ld -o f-v ie w  a n g le  a cco rd in g  to  the co h eren ce  sca le . In a  stu d y  co n sid er in g  o n ly  the  
e ffec ts  o f  a tm o sp h e r ic  tu rbu len ce, M a ju m d a r  a n d  B row n  [1 9 9 0 ]  c o n c lu d e d  th a t a  
m u lti-g ig a b it p e r  se c o n d  d a ta  ra te  d o w n lin k  is fe a s ib le . H o w ever , w h a t w a s  n o t  
c o n s id e re d  in the s tu d y  is th a t the o n b o a rd  p o in tin g  an d  track in g  system  is d ep en d en t  
on  the up lin k  beam , w h ich  is se v e re ly  a ffe c te d  b y  a tm o sp h e r ic  tu rbu len ce . A  
fe e d fo rw a rd  com pen sation  technique is p o in te d  out, w hich can reduce this dependency.
6. 1. COUNTERMEASURES TO SCINTILLATION
The standard approach to overcoming scintillation is to use a receiver aperture that is 
large compared to the size of the scintillating amplitude patches (The jargon for a 
large receiver with a field of view of much larger than the diffraction limit is "photon 
bucket"). However, under strong turbulence conditions this technique is not very 
effective. The reason is that the separate patches are not truly independent in this 
case. Under these conditions, a spatial diversity technique at the receiver is of 
substantial benefit. The best configuration is then an array of separate receivers, each 
of which constitute practical, reasonably sized units with separations sufficient to
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ensure independence of fading. Another incentive for the spatial diversity reception 
is that the cost of an optical antenna increases almost exponentially with diameter. 
This is illustrated in Figure 6,1. for a transmitter antenna [Begley and Marshalek, 
1991], A very similar figure is given in [Pratt, 1969], The increasing difficulty in 
maintaining uniform surface quality and form for large optical surfaces is reflected in 
the figure. Although a receiver antenna is not normally designed to meet as stringent 
requirements as in the case of transmitter antenna, a similar trend should apply. Thus, 
the total size of an array may be substantially greater than that of any practical photon 
bucket.
5ou
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Figure 6.1. Normalized cost of optical antenna as a function of diameter. [from Begley and Marhalek, 1991]
6.1.1. Aperture Integration Reception
If the aperture is larger than the spatial scale of the intensity fluctuations, the receiver 
will average fluctuations over the aperture, and the signal fluctuations will be less than 
those from a point receiver. The aperture averaging factor (Ar) is defined as the ratio 
of the normalized variance of the signal fluctuations from a finite size collecting
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aperture to that from a receiver with an infinitesimally small aperture. Churnside 
[1991] has developed approximate expressions for almost all conditions and parameter 
realms. Yura and McKinley [1983] have developed a useful engineering formula for 
the aperture averaging factor for space-to-ground paths, that exhibits the explicit 
parametric dependence on wavelength, collector diameter, and path weighted integrals 
of C /:
 1_____________
 ^ l + l . l ( D V A h  secc]))' /^®
The quantity h  ^can be regarded as an atmospheric turbulence aperture averaging scale 
height and is given by
JdhC^ ih)h^  6 / 7
f d h C ^ i h ) 5 / 6
( 6 . 2 )
This formula is valid for weak turbulence conditions. Although this approximation 
is somewhat lower than the exact formula for small aperture diameter values, the 
agreement is generally very good. Note that the aperture averaging factor decreases 
faster than D'^ with increasing aperture size. A D  ^dependence is what one expects 
for a collection of perfectly coherent areas on the detector that are mutually 
independent. The faster dependence is due to the small angle of turbulent
scattering. Light propagating toward the centre of the receiver is unlikely to be 
scattered by an angle large enough to miss the receiver entirely. This implies that the 
correlation of intensity fluctuations goes negative at some separation, because areas 
near the centre are likely to be brighter than average when the centre is darker and 
vice versa.
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Figure 6.2. The plots of the integrands in Equation (6.2), which show relative contributions of low- altitude and high-altitude turbulence for a point receiver and a large receiver.
It is important to note that the receiver aperture averaging changes the relative 
weighting of the path integral. The weighting function is h^ ^^  for a very small 
receiver, but for large receivers it will be h^ . The integrands in Equation (6.2) are 
plotted as a function of height in Figure 6.2. It is apparent that the change in the 
weighting function will decrease the relative contribution of low altitude turbulence, 
while increasing the relative contribution of high altitude turbulence.
Numerical values are provided in Table 6.1 for the scale height, aperture averaging 
factor and point source intensity variance for various forms of Hufnagel-Valley model. 
The assumed values of wavelength, aperture diameter and zenith angle correspond to 
the values in the ETS-VI experiment. Figure 6.3. shows the aperture averaging factor 
as a function of aperture diameter for HV-21 day and night models.
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Figure 6.3. Aperture averaging factor against beam diameter for two different models {1=0.83 pm, 
(l)=4QO) .
Table 6.1. Aperture averaging factor, scale height and point receiver 
intensity variance for various profiles (1=0.83pm, D=150 cm, (|)=40°) .
H-V C /m odel 
parameters
Scale height 
(ho) km
Aperture 
averaging factor 
(Aa)
Point receiver 
variance (o,^)
W=18
A=0
8.07 1.4x10-3 0.1274
A=1.7xlO-“ 6.96 1.2x10-3 0.1537
A=1.7xlO" 3.29 4.9x10^ 0.419
W=27
A=0
9.6 1.7x10-3 0.2266
A=1.7xl0-^^ 8.77 1.5x10-3 0.255
A= 1.7x10-^ 3 5.08 8.15x10"^ 0.544
W=36
A=0
10.38 1.9x10-3 0.3807
A=1.7xl0'^^ 9.79 1.8x10-3 0.4129
A=1.7xl0'^^ 6.58 1.1x10-3 0.7381
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6. 1. 2. Spatial Diversity Reception
There may be two combining schemes in a space diversity receiver: namely 
(i)"combining diversity", in which the output is the sum of the individual signals of 
the various inputs, and (ii) "selection diversity", in which the branch having the 
highest signal is connected to the output .
BACKGROUNDFILTER
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Figure 6.4. Spatial diversity receiver. Kerr et al.,1970] [from
Combination of the elemental signals from each of the receivers in the array may be 
accomplished by simply adding them before detection In this case, the log amplitude 
variance of the sum is 1/N times the variance of the elemental signals where N is the 
number of array elements. This reduction is in addition to any aperture averaging that 
will occur to some degree in each of the array elements separately.
A further improvement in performance may be obtained by nonlinear weighting 
techniques rather than simple addition of the elemental signals. When substantial 
detector noise is present (as opposed to signal shot noise limited operation), the 
optimum weighting of the elemental signals is to square each signal before adding. 
This result assumes equal levels of Gaussian additive noise in each channel with 
unequal signal levels, and is based on minimizing the decision error rate. The 
optimized signal-to-noise ratio is then simply the sum of the single channel signal-to- 
noise ratios.
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Teich and Rosenberg [1973] obtained the optimum and approximate optimum array 
receiver structures for lognormally faded laser radiation, direct-detected in the presence 
of independent additive background radiation for arbitrarily correlated fading at the 
detector array. Rosenberg and Teich [1973] evaluated receiver performance in terms 
of orthogonal and non-orthogonal binary error probabilities for a number of optimum 
and suboptimum photon counting receiver structures. Both single-detector receivers 
and array-detector receivers were considered. The aperture integration receiver was 
found to perform quite well in comparison with the optimum two-detector array 
receiver. Only for extreme turbulence, large background levels, uncorrelated fading, 
and low error rates did the array processor show appreciable equivalent power gain 
over the aperture integration receiver.
Churnside and McIntyre [1977] developed a different receiver structure that is simpler 
to implement than the receivers derived by Teich and Rosenberg [1973]. Independent 
fading at each detector was assumed and only symmetric, binary, pulse-code 
modulation was considered. They showed that this receiver results in a lower bit error 
rate than the previous receivers under a wide range of conditions and has a much 
simpler structure to implement.
Belmonte et al. [1996] presented a generalization of the aperture averaging formula 
to a multiaperture receiver. This formula is not of much use for satellite-to-ground 
paths, since separations sufficient to ensure independence of fading can easily be 
achieved in this case. Eliminating nonzero correlation between adjacent detectors 
improves bit error rates [Rosenberg and Teich, 1973] and, by decoupling necessary 
calculations, also results in simplified receiver structures [Teich and Rosenberg, 1973].
Ibrahim and Ibrahim [1996] also investigated the performance of direct detection 
optical receiver with spatial diversity reception. They concluded that selection 
diversity gives better performance compared to combining diversity under independent 
lognormal fading conditions.
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6. 2. COUNTERMEASURE TO ANGLE OF ARRIVAL FLUCTUATIONS 
AND PHASE DISTORTION
In direct detection the effects of angle-of-arrival fluctuations and higher order phase 
distortions can be eliminated by using a wide field-of-view (FOV), much larger than 
the diffraction limit. However, excessive increase in FOV angle is undesirable. If the 
receiver works with isotropic background noise (which is typical of daytime), 
elimination of phase distortions is attained at the price of increasing the background 
noise power at the photodetector input by a factor of (FOY/FOY^J^. We therefore 
need a FOV angle such that most of the intensity fluctuations due to phase distortions 
are eliminated while the minimum possible background noise is admitted. Maltsev 
[1991] has considered this problem.
Any effort to receive 100% of the signal energy causes a considerable increase in 
FOV angle and deterioration in the signal-to-noise ratio. It is therefore recommended 
that the FOV angle should provide for receiving 80-90% of the signal energy.
The receiver FOV angle for the satellite-to-ground optical links should be chosen on 
the basis of rQ, which is increased for D>io by a factor (D/iq) compared to the 
diffraction limit. This laigely eliminates the effects from phase distortions and 
provides the minimum loss on average in the signal-to-noise ratio.
Tracking the general slope of the wavefront in the range 5<D/io<10 enables one to 
reduce the FOV angle by 15-20% for the same signal energy fraction. For smaller 
aperture diameters, tracking of wavefront tilts should be more advantageous.
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6. 3. COUNTERMEASURE TO THE EFFECT OF ATMOSPHERIC 
TURBULENCE ON THE SATELLITE POINTING/TRACKING SYSTEM
The optical beamwidth (of the order of microradians) is a few orders of magnitude 
narrower than the attitude stability of the host satellite, which is usually assumed to 
be about 0.1° (1.75 mi'ad). This leads to drastic reductions of the antenna gain unless 
special care is taken to reduce the uncertainty. This is the most serious technological 
problem of satellite-borne optical communication systems. The optical system relies 
upon precision pointing and tracking to reduce this uncertainty. The pointing, 
acquisition and tracking (PAT) system uses either a portion of the uplink beam or a 
separate beacon as a reference to compensate for the pointing jitter caused by the 
satellite microvibrations. The atmospheric turbulence severely distorts this reference 
beam, which may lead to malfunction of the PAT system, or even may put it out of 
function from time to time, as we observed frequently in the ETS-VI experiments.
A detailed Icnowledge of the satellite vibrational noise is needed for proper design and 
engineering of PAT systems. The nature of the platform micro vibrations (jitter) is not 
fully understood, but motion of onboard mechanical components and associated 
nonlinear effects can be listed as its partial causes. Internal cyclic moments created 
by gyroscopes, servo-mechanisms, etc., thermal expansion/contraction of the platform 
body, and gravitational field effects create a constant source of platform vibration. 
Other sources of vibration exist that are not cyclic in nature and create dynamic, 
unpredictable perturbations of the platform position. The dominance of any source of 
vibration will depend entirely on the physical nature of the satellite and the specifics 
of operation. Since these micro vibrations are not relevant to RE communications, they 
have come to the agenda due to the increasing interest in optical intersatellite links. 
The results of a few in-orbit measurements have been published [Sudey and Sculman, 
1984], [Wittig et al., 1990]. Measurement of these microvibrations is not 
straightforward and possesses some difficulties. More experimental work is needed 
on this topic.
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The impact of pointing/tracking errors on the design and analysis of the 
communication system has been studied by a number of researchers [Barry and 
Mecherle, 1985], [Scott and Young, 1986], [Koepf et al., 1986], [Chen and Gardner, 
1989].
The countermeasures to be described in the following chapters will reduce the 
deleterious effects of atmospheric turbulence on the reference beam. Here we would 
like to point out a proposed jitter rejection technique [Skormin et al., 1993a], which 
can reduce the dependency of the PAT system on the reference beam which is 
susceptible to turbulence effects. It was intended for intersatellite links, but we find 
it much more significant for satellite to ground links. In this technique, three 
miniature accelerometers, which have well defined dynamic properties that can be 
expressed in the form of a transfer function, are employed; one for each orthogonal 
axis. The output of the accelerometer is applied to the input of an RLC circuit having 
a transfer function approximately equal to the reciprocal of that of the accelerometer. 
The output of the RLC circuit is an accurate reconstruction of the satellite jitter. This 
reconstructed jitter can then be used for feedforward compensation of jitter effects. 
Feedforward implies that the disturbance propagating along the mechanical path is 
monitored and electrically compensated before it affects the output laser beam. This 
technique can be used to supplement the existing closed-loop PAT system designs. 
Simulation results indicate that this approach is capable of significant reduction of the 
jitter-related beam pointing errors [Skormin et al., 1993b].
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TRANSMITTER APERTURE AVERAGING: AN UPDATE
A c c o r d in g  to  a  n u m b er  o f  p re v io u s  stu d ies , on e w a y  o f  red u c in g  the up lin k  
sc in tilla tio n  is  to  use a  la rg e  beam . The m ech an ism  f o r  th is  e x p e c te d  red u c tio n  is  
te rm e d  tra n sm itte r  a p er tu re  a vera g in g . H o w ever , w e  w e re  n o t a b le  to  con firm  th is  
p r e d ic t io n  d u rin g  the E T S -V I experim en ts. In th is ch a p te r  the to p ic  o f  tra n sm itte r  
a p e r tu re  a ve ra g in g  f o r  v e r tic a l p a th s  is  su m m a rised  a n d  u p d a te d  w h ere  n ecessa ry . 
In p a r tic u la r , an  e x p lic it lim it on b ea m  s ize  is  id en tified  in th is  ch ap ter. A lso , i t  is  
sh o w n  th a t op tim u m  b ea m  fo c u s  a d ju stm en t d o e s  n o t p ro v id e  a n y  im provem en t. This 
m a k es b ea m  s ize  the s in g le  m o s t im p o rta n t a d ju sta b le  p a ra m e te r .
7. 1. INTRODUCTION
It is sometimes said that the stars twinkle, but that the planets do not. This, of course, 
is not literally correct, but it does emphasize the markedly decreased scintillation that 
is observed in viewing a finite size source (a planet) as compared to a point source 
(a star). In the reciprocal case, intuitively one expects a finite size laser beam 
propagating through atmospheric turbulence to a satellite receiver to scintillate much 
less compared to a point source.
Fried [1967b] quantitatively considered the reduction in scintillation for a collimated
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laser beam propagating from ground to a receiver in space and predicted a substantial 
decrease as the beam size is increased. The mechanism providing this reduction is 
usually termed transmitter aperture averaging. Interestingly enough, Kerr et al. [1970] 
referred to Fried’s conclusions as "speculations", although they were reached at the 
end of a tedious mathematical procedure. Fried used an unrealistic turbulence strength 
(C /) profile that decreases monotonically with altitude. Titter ton [1973a] added a 
tropopause contribution to obtain a more realistic C f  model and reconsidered the 
problem. He concluded that turbulence at the tropopause reduces the effective 
averaging of large transmitters for collimated beams and defocusing the beam causes 
even more scintillation; however focusing the beam at or above the tropopause results 
in a substantial decrease of scintillation to less than the collimated beam value. 
Dunphy and Kerr [1977] used a phenomenological approach for a unified treatment 
of beam wander, beam spreading and scintillation effects and concluded that 
transmitter aperture averaging effect has important practical implications for uplink 
beams, especially at longer wavelengths.
During the ETS-6 experiments, contrary to expectations, we observed large 
scintillation levels, much larger than that predicted for a point source. We varied the 
beam divergence over the entire adjustable range whilst observing scintillation levels 
and found that a collimated beam provides minimum scintillation. We changed beam 
diameter from 15 cm to 2 cm and did not observe any improvement. While trying to 
establish the cause of this unexpectedly high levels of signal fluctuations and searching 
for countermeasures, we decided to look at the issue of so called transmitter aperture 
averaging more carefully. Towards the end of the experiments, two papers were 
published on scintillation in ground-satellite links [Andrews et al., 1995], 
[Shelton, 1995]. The earlier papers considered only on-axis scintillation, but these 
papers have made it clear that as the beam size is increased scintillation variance 
grows rapidly off the beam centre and eventually exceeds the limit of the validity of 
the weak fluctuation theory, resulting in an increasing sensitivity to pointing errors.
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The radial distribution of scintillation had not been considered in the earlier studies 
presumably because of the anticipated complexity it would add to analyses and/or 
because of the conviction that this dependence is very weak. The first thing that 
needs to be done is to find out the restriction on beam size taking into account the 
radial dependence of scintillation, which is done in the next section.
In all the following numerical examples, Hufnagel-Valley 5/7 turbulence model with 
A=1.7xl0'"^ and W=21, a wavelength of 1.55 pm, geostationary satellite at an altitude 
of 38500 km and a zero zenith angle are assumed unless otherwise stated. It is 
important to keep in mind that the coherence scale (pg) is 9.17 cm for these 
parameters.
7 .2 . LIMIT OF BEAM SIZE
In concluding a study which compared the experimental effects of finite transmitter 
apertures on scintillation with theoretical predictions, Kerr and Dunphy [1973] 
suggested that "the beam wave results involve a hitherto unrecognized condition on 
validity, which is transmitter aperture dependent and generally stricter than that for 
simple sources; the same general conclusion would also apply to the vertical case". 
Since then various conditions have been proposed, but, to our knowledge, none of 
them give a direct restriction on the beam size. In this section, the then unrecognized 
condition is given as a clear limit for the beam size for ground to satellite paths.
It is very useful to express the total normalized intensity variance (scintillation index) 
as the sum
(7-1)
where Oji^  is called the longitudinal component, which is constant in the transverse 
plane and O] /  is called the radial component, which vanishes on axis but increases
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monotonically with distance off axis. The radial component is given by [Andrews et 
al., 1995]
=14.5 sec^ ^^ ®(j) j f (h) (1--— (7.2)
where H is the satellite altitude, c|) is the zenith angle, Rq is the radius of the curvature 
of the beam at the source, hg is the altitude of the transmitter above ground, r  ^ is the 
normalized radial distance from the optical axis of the beam, and A is given by
A = Q ( 7 . 3 )
where the parameters Q q and Q are defined as
( 7-4)"0 kw.
where L is the path length, Rq is the radius of curvature at the transmitter and Wq is 
the 1/e^  beam radius of a Gaussian laser beam. 0  is the reciprocal of the transmitter 
Fresnel number (F^). For satellite altitudes, H is much larger than any h at which 
C„^(h)>0 and thus (l-h/H)~l and the radial component can be rearranged as follows:
2 _  I 2 . 8 W „ \ 5/3  (  1  \ 5/6
where po is the coherence scale calculated over the reciprocal path. Fresnel numbers 
are very small for satellite altitudes and we will assume F,j<0.3 and (1+F„^)«1. This 
is not a restrictive condition and covers almost all the cases of practical interest. It 
was used, for example, by Fried [1967b] in his derivations. With this assumption, the 
radial component for a collimated beam (Oo=l) is given simply as:
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« 5 . 5 8  r j ,  ( 7 . 6 )
The general condition describing the limitation of weak-fluctuation theory is given by 
[Ishimaru, 1978b], [Andrews, 1998, p.99]
a h  + < 1 ( 7 . 7 )
which means that the scintillation index throughout the beam profile must be less than 
unity. It is now readily seen from Equation (7.6) that the condition Wo>0.35po is 
sufficient to invalidate the first-order weak-fluctuation theory results. Therefore, the 
restriction on the beam size for collimated beams is given by
< 0 . 3 5  po ( 7 . 8 )
For focused beams, Gochelashvily [1973] notes that the range of validity of the 
analyses of scintillation based on the weak-turbulence theory is determined not only 
by the turbulence strength and the distance of propagation, but also by a second 
condition related to the transmitter beam size. He states this condition as follows: The 
phase structure function computed on the transmitter aperture size, must be small (less 
than unity).
(  ) s / 3 < 1 ( 7 . 9 )
This gives almost the same bound on the beam size as the collimated beams found 
above:
^0 < 0 . 33  P^ ( 7 . 10)
This is a very severe limitation, since a typical value of Po is 2.5 cm at À=0.5 fm i. The 
earlier papers, including the latest two papers, carried out graphical analyses to much 
beyond this limit, thereby reaching questionable conclusions.
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7. 3. AVERAGING OR REDISTRIBUTION ?
In this section, it is pointed out that the predicted reduction in longitudinal component 
is a result of a redistribution process rather than an averaging process similar to 
receiver aperture averaging for a certain parameter realm. Therefore, we suggest that 
the term transmitter aperture averaging should be used with care.
The longitudinal component is given by [Andrews et al., 1995]
L
Gj = 2 . 2 4  j c ^ ( z )  Q{z)  d z  ( 7 . 1 1 )
0
where Q(z) is a weighting function which determines the sensitivity of the longitudinal 
scintillation index to turbulence at each altitude (For a point source Q(z)=z '^*)
Q{z)  = 3 . 8 8  i?e ) ( 1 - ^ ) ^ / ^
+ i  0+
( 7 . 1 2 )
where
9 = “ ( 7 . 1 3 )
Since L is much larger than any z for which C/(z)>0, (l-z/L)«l. For a collimated 
beam Üo=l. We make the same assumption as in the previous section, that is F^<0.3 
and (1+Fn^ )«1. With these assumptions
9  » F j ,  A » F„ ( 7 . 14 )
After carrying out the Re operation, the weighting function can be rearranged as
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Q(z) = Q'{z) -  3 . 8 8  ( F / , ) 5 / 6
where
Q'(z) = 3 . 8 8 ( F / . ) " + ( F ^ I . + z )
5 / 1 2
COS 5  ^ I „  z— a x e t a n  F +■
( 7 . 1 5 )
( 7 . 1 6 )
Equation (7.11) can now be rewritten as
 ^ = [ 2 . 2 4  (z) qUz) dzj -  0 . 8 3 ( 7 . 1 7 )
This form of the longitudinal component allows us to make some important 
observations. The first observation is that for Wo=0, Q(z)=Q’(z)=z‘’^ ’^ as expected. 
Secondly, Q’(z) is a monotonically increasing function of beam size and always larger 
than z^ '® for Wo>0 (Figure 7.1). This means that the reduction in scintillation 
compared to a point source comes from the second term.
Normalized variance First term
10
0.1 100Transmitter beam radius (cm)
Figure 7.1. Longitudinal component of scintillation index and the first term in Equation (7.17) against beam size.
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Another observation is that this term is very similar to the radial component, except 
the radial dependence and the difference in coefficients. These represent the energy 
redistribution process caused by small scale eddies. The pattern produced by an 
atmospheric turbulence layer at any instant merely represents a redistribution of the 
optical energy incident upon the layer. This is a direct consequence of the 
conservation of energy, which is expressed by the fact that the integral of the 
covariance function of the intensity fluctuations must be zero irrespective of the 
statistics of the turbulence [Wessely and Mitchell, 1971]. See also Figure 9.6 in 
Chapter 9, which illustrates the redistribution of energy.
Another point worth noting is the similarity between the radial component and the 
beam spreading expressions. The effective spot size given by Andrews et al. [1995] 
consists of the same terms as in Equation (7.2), except the radial dependence and the 
difference in coefficients. Also the approximate beam spreading expressions are 
functions only of the ratio w/pg (Chapter 9). This similarity is not just a coincidence, 
since the same physical process gives rise to these phenomena. Strohbehn et al. 
[1975] notes that Rytov’s method includes the effects of multiple scattering in such 
a way that large-angle scattering is ignored, i.e., the scattering cone is narrow. The 
Rytov theory predicts that the energy "spilled" outside the diffraction limited beam 
boundary produces only negligible scintillation. Beam spreading analyses show that 
as the beam size is increased especially beyond the coherence scale, energy is 
scattered into large angles and the Rytov method fails.
These observations suggest an approach to derive an engineering formula by 
incorporating the beam spreading results into scintillation, which would extend the 
region of validity beyond Wg/po>l, but this is outside the scope of this thesis.
119
Transmitter aperture averaging: an update
7. 4. REALM OF TRANSMITTER APERTURE AVERAGING
Now we return to Equation (7.5), and rewrite it as follows
n r
- 5 / 6 ( 7 . 18 )
The consequence of transmitter aperture averaging will be to wash out the radial 
dependence. The requirement for this to occur is
0.7 ^ L / k \ I < Wg < Pg/3 ( 7 . 19)
For a collimated beam (Qo=l), the requirement is that the coherence scale must be 
much larger than the Fresnel zone size, which is not satisfied with visible and near- 
infrared wavelengths.
Rq =  50  km 
R„ = 10 km10‘
"S10’
o  10®
CC 10'
0.1 100Transmitter beam radius Wq (cm)
Figure 7.2. Radial component of scintillation index for various focus adjustments against beam size.
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For converging beams, the Fresnel zone size is (L/klQoO^ ^^  [Charnotski, 1994], so the 
requirement is essentially the same as collimated beams, but the Fresnel zone sizes are 
much smaller in this case. Figure 7.2 compares the radial component for a collimated 
beam with that of converging beams. The beam size Wo=(L/klQoO^ ^^  emerges as a 
critical size and corresponds to the knees seen in Figure 7.2. Whilst the effect of 
focus adjustment on the radial component is straightforward, the effect on the 
longitudinal component is rather complex.
7. 5. LONGITUDINAL COMPONENT
For a collimated beam, Shelton [1995] identifies three different regimes for different 
range intervals, but does not give the details. An analysis of the weighting function 
given below reveals some of these details.
Q{ z )  = 3 . 8 8  
X cos | a r c t a n ( F „  Q„h. T) ( ^ ) )
5 / 1 2
( 7 . 20 )
K 5 / 6-  3 . 8 8
where r)=(l+FN^Qo^). For a collimated beam Qq=1. The implications of non-unity 
Qq will be discussed later. The weighting function is proportional to for ranges 
that are in the far field of the transmitter. This is consistent with the limiting 
condition of scintillation from a point source. Note, however, that the function 
3.88Cos(.) approaches to 1 very slowly (at z=10FnL it is about 1.3). The weighting 
function will be close to in this regime only for extremely small beams.
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QkZ) « 3.88 (F^) 5 / 6 (n - 5 / 1 2 - 5 / 6 0 < z  <F^L
Q{Z)  . 8 8COS [-^-arctan ] -3 . 88 (— ^ )  , z > F ^ (7.21)
For z smaller than F^^L, the weighting function approaches a constant, and the regime 
associated with plane-wave propagation is entered. Figure 7.3 shows the behaviour 
of the function inside arctan(.) against F^, assuming ^=1. It reaches a minimum at 
z=Fn^ L, For z<F^^L, it is approximately equal to F^, and assuming Fn<0.3, cos(.)«1. 
Shelton [1995] states that between these two regimes the weighting function is 
proportional to z^ , but this is not apparent from Equation (7.20).
Figure 7.3. Behaviour of the function inside arctan(.) as a function of Fresnel number.
Equation (7.11) can now be rewritten as
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a 1,1 0 . 8 3 1  ^- 5/ 12
J  ( . )  d z j  +  ^ J  ( . )  dzj
F „ L
- 0 . 8 3
( 7 . 22 )
where (  ( 0 < (< 1 )  is defined as
Ff,L/ c j i z )  d z
I (z) dz ( 7 . 23)
The longitudinal component decreases with increasing beam size up to some point, 
then starts to increase. For uniform turbulence strength along the path (horizontal 
paths), this point corresponds to F^=l/2. However, for ground to satellite paths this 
minimum seems to occur at much smaller Fresnel numbers.
A =1.7e~14, W=21 
A = 1 .7 e -1 6 ,W = 3 6  
A =1.7 0 -1 2 , W =18
CJ
%  10 '
CL
f  '•45 cm 
-35
-20 cm
100Transmitter beam radius % (cm)
Figure 7.4. Longitudinal component of scintillation index against beam size for various turbulence strength profiles illustrating the shift of the minimum.
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Equation (7.22) helps explain this behaviour of the longitudinal component. Note the 
similarity between the first and last terms. The turbulence near the ground makes a 
large contribution to Po- Bufton [1973] reported measurements in which contribution 
to the un weighed integral of from the surface boundary layer (first 10 m) ranged 
from 22% to 47%. This means that once exceeds a few meters, the parameter 
C will rapidly converge to 1 as the beam size is further increased. This will almost 
completely cancel the reduction caused by the last term. For strong boundary layer 
and wealc high altitude turbulence, the minimum will shift to smaller beam sizes 
(Figure 7.4). For weak boundary layer and strong high altitude turbulence, it shifts 
to larger beam sizes. It was hoped to formulate the location in terms of a constant ( ,  
but this simple approach seems to give only a rough estimate. This is something that 
needs to be looked at further. When the radius of curvature is taken into account as 
well, this issue gets more complicated. As Rq is decreased, the minimum shifts also 
to smaller beam sizes (Figure 7.5).
Rp = 50 km 
Rq =  2 0  km 
R . = 5 k m
CL
o 10'
10'^0.1 100Transmitter beam radius Wq (cm)
Figure 7.5. Longitudinal component normalized with point source variance against beam size for various focus adjustments illustrating the shift of the minimum.
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7. 6. TITTERTON’S RECIPE
The three alternatives for the beam focus setting are shown in Figure 7.6. For a 
diverging beam (Rq<0), the weighting function is larger than the collimated beam 
weighting function at all ranges, and elevated scintillation levels result. For a 
converging beam (Rq>0), the weighting function exhibits a sharp decrease in the 
vicinity of the beam waist. Titterton [1973a] assumed that a profile comprised of 
a fast exponential decay plus a thin layer of tropopause contribution realistically 
represents the actual profile, and suggested a recipe to cancel the effect this layer 
which makes a lai'ge contribution to scintillation variance, by focusing the beam 
exactly on the tropopause.
Figure 7.6. A diverging beam (Rq<0) , a collimated beam {Ro=°°) and a converging beam (Rq>0) .
For a given beam size (Wq), the focal spot cannot occur at an arbitrary range because 
of diffraction. The maximum distance the beam can be focused is z=tcWq^ /2à=FnL/2,
125
Transmitter aperture averaging: an update
i.e., half the Rayleigh range. This means that for X=1.55 \xm, geostationary orbit, zero 
zenith angle, Wq must be at least 10 cm. Then Rq is set to 2z^ ., where z^ is the 
tropopause range. Figure 7.7 shows the behaviour of the weighting function under 
these conditions. The dip around the tropopause is attained at the price of increasing 
the weighting of lower altitudes. The curve for Ro=10 km illustrates the need for 
accurate focusing adjustment. A deviation from the optimum Rq results in shifting the 
minimum for a few kilometres, and increasing the weighting function at lower and 
higher altitudes.
10 '
Rq =  2 0  km 
R„ =  10 km
5  1 0 '
Range (m)
Figure 7.7. Weighting function of a beam focused on the tropopause as suggested by Titterton compared to that of a collimated beam {Wo=10 cm) .
Figure 7.8 shows the case where the beam size (Wq=5 cm) is not sufficient to focus 
on the tropopause, for various R q values. If one attempts to focus beyond F^L/2, the 
dip shifts towards the transmitter.
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Rjj = 2 0  km 
= 2 0 0  km
Range (m)
Figure 7.8. Weighting function of a beam of insufficient size (Wq=5 cm) for various focus adjustments.
The first objection to Titterton’s analysis is that although the tropopause region has 
historically been associated with strong turbulent layers, it is now known that 
mechanisms exist for the formation of strong layers throughout the free atmosphere. 
For example, Coulman et al. [1995] reports that the altitude segment 3000-4000 m 
contributed only 2%  to the total integral of C„^  over the entire sounding, whereas after 
the formation of turbulent layers, it contributed 78%. These low level layers lasted 
about 4 hours. Such layers are certainly not regularly distributed in altitude, but the 
variability exemplified above cannot be ignored in a communication system design.
An associated point is that when the Hufnagel-Valley 5/7 model is used instead of the 
model employed by Titterton, the improvement with optimal focus compared to a 
collimated beam is very modest for a given beam size, especially for small beams, but 
the degradation due to a considerable shift of the prominent layers from the tropopause 
region as mentioned above may be large. Consequently it is doubtful whether there
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will be even any average benefit compared to a collimated beam. Another issue is 
the variability of the tropopause height for a given site. Depending on season and 
meteorological conditions, the height of the tropopause may change as much as several 
kilometres.
Another point is that converging the beam will decrease the average intensity, which 
may be a critical issue as well. There are other reasons suggesting that one should not 
rely on focusing properties of a beam, which are discussed in the next section.
7. 7. FAILURE OF FIRST ORDER THEORY
Lawrence and Strohbehn [1970] contended that the concept of a focused beam is not 
very meaningful for optical propagation through atmospheric turbulence. The 
reasoning is that in the case where the reduction predicted for focused beams would 
be most useful, that is, high values of scintillation variance, the phase front of the 
wave is so perturbed that the concept of a focused beam becomes meaningless.
First order theory predicts that as a propagating beam of sufficient initial beam size 
and degree of focus approaches the geometric focus, a substantial drop occurs in the 
longitudinal component of scintillation index, while the radial component climbs 
rapidly. At the exact geometric focus, it predicts a continuous reduction in on-axis 
scintillation towards zero as the initial beam size is increased, while the radial 
component grows without bound. This behaviour would require a very rapid change 
in scintillation occurring over a very short radial distance, which is physically 
unreasonable. This failure of first order theory was first pointed out by experimenters 
who failed to demonstrate drastic scintillation reductions predicted by the theory [Kerr 
and Eiss, 1972].
Khmelevtsov and Tsvyk [1970] attempted to verify the difference between a focused
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and a collimated beam predicted by first order theory under weak turbulence 
conditions and concluded that there was no difference. Ishimaru [1978] reviewed 
experimental evidence of the behaviour of scintillation by a focused beam and states 
that there is no experimental confirmation of the predicted scintillation reductions. 
Rather, data suggest that focused beams behave very similarly to collimated beams.
It has been shown that second-order corrections lead to nonzero scintillations on the 
beam axis of a large focused beam [Zuev et al., 1988], [Banakh and Smalikho, 1993].
Charnotskii [1994] has shown that double scattering turns out to be the principle 
process governing weak fluctuation in the beam focus. He explains this circumstance 
as follows: For a focused beam with a large Fresnel number (that is, under geometrical 
optics conditions), all the rays starting from the aperture come into the focal point. 
After single scattering, a ray changes its direction and never comes to the focus. 
Hence, in the single scattering approximation, only none-scattered rays reach the focus 
and produce no scintillation. Double scattering lets the ray change its direction twice, 
so the ray can hit the focus. Interference of such a double-scattered ray with none- 
scattered creates intensity fluctuations at the focal point.
Miller et al. [1995] demonstrated that when diffraction-like effects produced by 
turbulence are introduced, converging beams exhibit more physically reasonable 
behaviour. In particular, the corrected behaviour of scintillation variance becomes 
reminiscent of that of a collimated beam as the turbulence strength increases.
7. 8. CONCLUDING REMARKS
We established an explicit restriction on beam size (beam radius must not exceed a 
third of the coherence scale for the first-order theory to be valid) at the beginning, 
but ignored this in the subsequent sections. Since the coherence scale is about 9 cm
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for most of the plots, strictly speaking, these plots are not valid beyond W(p3 cm. 
One reason for this omission is to allow comparison to other analyses. Secondly, 
when the beam size first exceeds the limit, the first-order theory will not break down 
suddenly. It will continue to give reasonable estimates especially around the beam 
centre, although it will increasingly overestimate the variance at the beam edge.
The coherence scale tends to follow a lognormal distribution witli a standard deviation 
between xl.3 and xl.8, which means that large values will occur frequently. This 
could be a third reason, but the analysis in this chapter shows that the scintillation 
reduction is mainly caused by the second term in Equation (7,17), especially after Wq 
exceeds pg. Therefore, it seems that drastic reductions predicted by the theory will 
not occur in practice even if po is large.
Another conclusion of practical importance is that beam focus adjustment will not 
provide any significant improvement, and collimating the beam seems to be the best 
strategy. This makes the beam size the single most important adjustable parameter. 
This point will be further explored in Chapter 9.
Finally, returning to the twinkling of planets and stars: Planets twinkle less because 
they are incoherent sources. The radiation of an incoherent source can be viewed as 
coming from multiple independent sources, and the scintillation will be less because 
of averaging effects. We observed this kind of averaging in the ETS-VI experiments, 
when the beam was broken up into multiple beamlets, as reported in Chapter 5.
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B eca u se  the b ea m  p ro p a g a te s  la rg e  d is ta n c e s  a fte r  p a ss in g  th rou gh  tu rbu len ce, the  
sp a tia l sc a le  o f  in ten sity  flu c tu a tio n s  a t  the sa te llite  is m uch la rg e r  than a n y  p r a c tic a l  
re c e iv e r  a pertu re . T herefore, there is no rece iv e r  apertu re  a vera g in g  f o r  the uplink. 
The p o s s ib le  co u n term ea su res a re  re v ie w e d  in th is  ch ap ter. I t  is  sh o w n  th a t a  
read ju stm en t o f  the truncation  d ia m eter  taking into accou n t turbu lence effects p ro v id e s  
a  v e ry  m o d e s t  im provem en t. S p e c tra l d iv e rs ity  seem  to  b e  ru le d  o u t so m e 3 0  y e a r s  
a g o  on  the b a s is  o f  w ea k -flu c tu a tio n  theory. F o r  s tro n g  flu c tu a tio n s , n o  c o m p le te  
th e o ry  ex ists, b u t a cc o rd in g  to  a  co n jec tu ra l th eory  a n d  m easu rem en ts, sp e c tra l  
d iv e r s ity  m ig h t be  o f  so m e  use u n d er certa in  con dition s. The m o s t p ro m is in g  
cou n term easu re  f o r  the uplink is a d a p tiv e  op tics, w hen  affordable . A n o th er a p p ro a c h  
is  tra n sm itter  sp a tia l d ive rs ity  using m ultip le  transm itters. In the n ext chapter, a  n o ve l  
co u n term ea su re  is p ro p o se d , w h ich  m a y  b e  su ffic ien t on  its  o w n  u n d er fa v o u r a b le  
co n d itio n s  o r  m a y  b e  co m p lem en ta ry  to  o th er  m ethods.
8. 1. OPTIMUM TRUNCATION
Consider an unobscured aperture of diameter D that truncates a TEM^o Gaussian- 
shaped laser beam of 1/e  ^ diameter d. Increasing the beam diameter to fill the 
aperture better will decrease [the far-field angular pattern] but beyond a certain point 
will also cause increasing power loss, as the beam is truncated by the aperture. For 
an aperture of fixed diameter D, it is well known that the maximum on-axis far-field 
intensity is obtained for d~0.89D.
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Yura [1995] has shown that the optimum value of d/D in the presence of turbulence 
is obtained for d/D<0.89. He has obtained an accurate analytic approximation for 
(d/D)j,pt for 0<(D/io)<10 by a least-squares fit to the calculated values, which is given 
by^
( d / D)  0 . 8 9 2 - 0  . 9 6  ( D/ r^)   ^+ 0 . 0 0 2 2  {D/rfl  ^
f o r  0<D/r^^l . 25
 ^ 0 . 5 1 8  0 . 0 5 4 8  ( 8 . 1 )0 . 4 4  + ------------ ---------------------------- —-{D/r^} [In (D/r^) ]
f o r  1 .25^D/r^^lO
The accuracy of this approximation is better than 1% over the range 0<(D/ro)<10.
In the previous analysis the major degrading effect of atmospheric turbulence was 
considered as beam spreading. Yura [1995b] has also considered the optimum 
ti'uncation of a Gaussian beam in the presence of random jitter. Random jitter may 
be due to random vibrations of the optical platform or atmospheric turbulence induced 
beam wander. Yura has obtained the following analytic approximation for the 
optimum truncation ratio by curve fitting:
( d / D)  0 . 8 9 2 - 0  . 0 5 3 6  p  ^+ 0 . 0 0 8 9 p *
f o r  0 ^ p < 1 . 3
0 . 4 6 8 + 0 - 5 9 2  0 . 0 8 5  < 8 - 2 )
f o r  1 . 3 ^ p 3 l O
where p is the normalized standard deviation of jitter. The accuracy of the 
approximation is better than 1%.
^It was noticed that the coefficient 0.95 as appears in the paper is in error and should be 0.0742, assuming that the other coefficients are correct. The specific numbers given by the author and Figure 2 of the paper make this correction possible. Since it does not seem to be a simple typing error, we attempted to confirm this with the author, but could not reach him as of the writing of this thesis .
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The question is; How much improvement does this optimum truncation re-adjustment 
provide? Yura presents relative mean intensity curves as a function of truncation for 
different values of D/rg or p These curves show that optimum truncation adjustment 
provides less and less improvement as D/i'q or p gets larger. For small values, on the 
other hand, an examination of (d/Dj^pj curves reveals that the optimum truncation is 
close to its turbulence-free or jitter-free value of 0.89. One wonders then if there is 
any significant improvement at all. Yura’s curves are somewhat deceptive in this 
respect, which include the improvement provided in the absence of turbulence or jitter. 
The relevant figure of merit should be
J ( 0 ) ( d / D )  = ( d / D ) opt
J ( 0 ) ( 8 . 3 )( d / D ) = 0 . 8 9
where 1(0) is the average on-axis intensity. Figures 8.1 and 8.2 show this quantity as 
a function of D/rg and p .
0.35
0.2
1,15
0.1
0.05
D/ro
Figure 8.1. Relative improvement in averageintensity with optimum truncation in the presence of atmospheric turbulence.
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0.35
0.3
0.2
S '  0.1
0.05
10p (normalized jitter)
Figure 8.2. Relative improvement in average intensity with optimum truncation in the presence of pointing jitter.
These figures reveal that the maximum improvement by tmncation readjustment is 
about 0.3 dB. To be viable, practical communication systems should operate in the 
regimes D/ro <1 and p<2-3. For these regimes the provided improvement is even 
more modest.
8. 2. ADAPTIVE OPTICS
Improved optical communication through atmospheric turbulence may be obtained by 
use of adaptive optics. In these systems, an estimate of the atmospheric state is 
obtained from a beacon signal sent from the receiver to the transmitter. Various 
strategies may then be used at the transmitter to compensate for the amplitude and 
phase effects of the turbulence.
8. 2. 1. Reciprocity Principle
Atmospheric reciprocity is invoked to show that the beacon signal measures relevant
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parameters of the turbulence. A theoretical proof of the reciprocity of the turbulent 
atmosphere is given in [Shapiro, 1971]. According to the result of this proof, the 
atmosphere is almost exactly reciprocal (to about one part in 10®). The reciprocity 
principle has successfully undergone experimental testing [Hance and Fried, 1973]. 
In practical terms, the following conditions must be fulfilled for (virtually) exact 
reciprocity :
(1) The path length from the transmitter to the receiver is short enough that the 
coherence time of the turbulence (>1 msec) exceeds a round-trip, receiver-to- 
transmitter-to-receiver, propagation time.
(2) The two optical systems, each consisting of a coherent transmitter and receiver 
shares a common antenna aperture through a beam splitter. The principle requires that 
transmitter and receiver be conjugate to each other in the beam splitter.
(3) The sources transmits at the same wavelength.
(4) Perfect line of sight alignment is maintained.
Under these conditions, the reciprocity principle states that the effect of atmospheric 
turbulence on the signal received by the first unit from the second will be identical 
instant-by-instant to the effect of atmospheric turbulence on the signal received by the 
second unit from the first.
8. 2. 2. Architecture of an Adaptive Optics System
A very brief description of the architecture of an adaptive optics system will be given 
here. A detailed discussion of the basic components and an overview of the early 
history of this field can be found in Hardy’s classic paper [1978] on this subject. 
Recent developments are described in detail in Tyson’s book [1991] and in the 
January-February 1994 issues of Journal of the Optical Society of America-A.
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INPUT 
WAVE FWOWT
DETECTOR
ARRAYFigure 8.3. Schematic description of a Hartmann wavefront sensor. [fromParenti and Sasiela,1994]
The four essential elements of a conventional adaptive optics system are a wavefront 
sensor, a phase reconstructor, a servo control system and a wavefront corrector. In 
the case of ground-to-satellite optical communications, the atmospheric turbulence- 
induced phase distortion of a beacon beam is measured by the wavefront sensor and 
the uplink beam is precorrected with the insertion of an optical surface having the 
conjugate optical phase difference. Most compensation systems apply this conjugate 
phase with a pair of active elements consisting of a high-speed tilt mirror and a 
deformable mirror that precorrects for the tilt-removed component of the distortion. 
Error signals are generated by the phase sensor. A phase-computation device, referred 
to as a reconstructor, transforms the output of the wavefront sensor into a set of drive 
signals that control the active elements.
WAVEFRONT SENSOR: Essentially all wavefront sensing instruments in current use 
measure local changes in the pupil-plane phase function, since a direct determination 
of phase is difficult. At least three sensing techniques have been successfully 
demonstrated: Hartman sensors (Figure 8.3), in which the input pupil is segmented
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by a set of lenslets that form separate images of the source in the Fourier plane 
[Hardy, 1978], shearing sensors that convert phase gradients into phase intensity 
variations [Hardy, 1978], and sensors that measure local wavefront curvature [Roddier, 
1988].
PHASE RECONSTRUCTOR AND CONTROL SYSTEM: Wavefront sensors
measure the condition of the wavefront and produce signals that represent the 
wavefront. It is up to the reconstructor to sort out the meaning of those signals, and 
then it is the control system that must determine how to treat the signals and relay 
them to the wavefront corrector.
M i r r o r  fa ce pla te s 
Ac t u a t o r s
Piston plus tiltPi st on only
Figure 8,4. Segmented multichannel mirror. [from Tyson,1991]
WAVEFRONT CORRECTOR: The earliest implementation of a wavefront corrector 
was the segmented mirror. This is a mirror made up of a number of closely spaced 
small mirrors with piston or tilt correction capabilities (Figure 8.4). Some segmented 
mirrors of this type have been operated in a piston-only mode, whereby each element 
is confined to simple up-and-down motion. In a piston/tip/tilt mode, each segment 
operates with three degrees of freedom: the up/down piston mode and two orthogonal 
axes of tilt.
Deformable mirrors are generally continuous surface mirrors with a mechanical means 
of deformation to match the desired conjugate wavefront. The devices that perform 
the deformation, the actuators, can be discrete or continuous. Discrete actuators can 
be placed perpendicular to the surface or on the edges that impart bending moments.
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8. 2. 3. Limitations of Adaptive Optics Compensation
Unfortunately, the adaptive optics compensation for the atmosphere is not perfect and 
often far from ideal. The amount of spatial compensation is limited by the number 
of channels or subapertures in the adaptive optics system and is also limited by the 
finite temporal bandwidth of tilt and adaptive optics control loops. Other factors, such 
as wavefront sensor noise and corrector fitting error are also concerns, but will be 
neglected here. Each of the components that is described in the preceding paragraphs 
has a unique set of error mechanisms that together establish the overall effectiveness 
of the adaptive optics system. The first-order effects of these errors are quantified, 
for example, in [Parenti and Sasiela, 1994].
Anisoplanatism, on the other hand, cannot easily be disregarded. One pai't of the 
atmosphere distorts the beam in a different manner than another part. Even though 
the statistics are the same, the atmospheric turbulence realizations are different. That 
is, propagation through turbulence is anisoplanatic. There will be different wavefront 
errors for two small beams and different wavefront errors for different parts of a large 
beam. Anisoplanatism can arise under various conditions. Two beams displaced and 
parallel to each other produce displacement anisoplanatism. Two beams propagating 
at slightly different angles with respect to each other produce angular anisoplanatism. 
It arises naturally when one is tracking a satellite target and directing a laser beam at 
it. Because of the finite speed of light, the laser beam has to lead (point ahead) the 
tracking direction, resulting in an angular difference between the direction along which 
the target is tracked and the one along which the laser beam is directed. A time delay 
between when the turbulence is measured and when a correction is applied to the 
deformable mirror results in temporal anisoplanatism, because the turbulence moves 
past the aperture. Lastly, if the beacon beam that senses the turbulence has a 
wavelength different from that of the laser beam that is sent out, then the beams will 
follow different paths through the atmosphere because of the dispersive properties of 
the atmosphere. This is called chromatic anisoplanatism. The effects of these 
anisoplanatisms on the relative intensity are considered in [Sasiela, 1992].
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The angular anisoplanatic error resulting from point-ahead effects can be eliminated 
by using either a fixed or tethered beacon, or a free flyer support satellite in the point- 
ahead direction. However, the use of an artificial guide star (also known as synthetic 
beacon) is more practical and probably less costly.
8. 2. 4. Artificial Guide Star (AGS) or Synthetic Beacon
The AGS is generated by propagating a pulsed laser beam from the telescope aperture, 
upward in the direction of interest. This laser beam is transmitted in such a form as 
to have an extremely small diameter at some preselected altitude, which is referred to 
as backscatter altitude. This can be achieved by transmitting the laser either as a 
collimated beam from a small-diameter aperture or as a suitably focused beam from 
the full telescope aperture, or some intermediate form. Because of Rayleigh scattering 
by all atmospheric molecules, Mie scattering by atmospheric aerosol, and resonant 
scattering if the laser wavelength matches the resonance frequency of some 
atmospheric species (e.g., a 0.5890-pm and/or 0.5896-pm laser wavelength matching 
the D-line resonance frequency of the 90-km-altitude mesospheric sodium layer), there 
will be backscatter into the telescope’s aperture of laser light from all altitudes. By 
using an electronically gateable wavefront distortion sensor and by suitably timing its 
operation with respect to the time at which the pulsed laser beam was transmitted, 
only the signal from the desired backscatter altitude will be sensed. Because the laser 
beam’s diameter is small at the backscatter altitude and because (presumably) the 
energy of the laser pulse is high enough, this backscatter signal will meet the criterion 
of being generated by a source that is sufficiently compact and sufficiently intense that 
it can be used as a guide star for the sensing of the turbulence-induced wavefront 
distortion.
8. 2. 5. Quantification of Adaptive Optics Improvement
Sasiela [1988] described a method for computing the log-amplitude variance for a 
beam that is compensated by adaptive optics. By integrating the spatial covariance
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function of the beam multiplied by the appropriate filtering functions that represent 
the adaptive optics compensation, one can obtain the log-amplitude variance:
a j  = 0 . 2 0 7 3 k ^ Jdz C^ { z )  jdKK K^{z -L)  I2^ ( 8 . 4 )
1 = 0
where K is the two-dimensional spatial frequency and F(k,z) are filter functions for 
each of the N Zernike polynomial terms removed by the adaptive optics. The filter 
functions are defined by
= 2 { n * l )
f.ddm.n(K) = 2 { n * l )
KD/2 
2 (KD/2
c o s ^ ( m0 ) ,
= ( n + 1 )
KD/2
2^+1 (KD/2)
sin.2 (jm0) , 
2
KD/2
( 8 . 5 )
where D is the aperture diameter and J(.) are Bessel functions. Equation (8.4) was 
solved numerically for Zernike modes to as high as N=32, and the reduction of 
scintillation, within a few percent, follows the form
aaX,compensa ted X, uncompensated __ ( 8 . 6 )
The amount of correction is limited by anisoplanatic effects and finite bandwidth 
effects of the adaptive optics system configuration. The reduction in the effective 
compensation is approximated by [Tyson, 1996]
^ e f f  ^  ISOPL  ^SERVO^ ( 8 . 7 )
where isoplanatic errors and the finite servo bandwidth limits adaptive optics system 
performance. The servo bandwidth limitation for compensation of modes higher than
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tilt is [Greenwood, 1977]
= e x p [ - ( f g / f g jSERVO ( 8 . 8 )
where is the system bandwidth and is the Greenwood frequency given by
fg(AO) = 2.3lA'®/=sec"^=<i) |[c^{z) V(z)=^^dz 3 / 5 ( 8 . 9 )
where V(z) is the altitude-dependent wind velocity including the pseudo wind caused 
by beam slewing and target tracking. For tilt correction, one should use the tilt or 
tracking bandwidth
SERVO
-1
( 8 . 10 )
with the Greenwood frequency f^ given by [Tyler, 1994]
f y ( t i l t )  = 0 . 331D  j c ^  {n) V { z ) ^ d z 1/2 ( 8 . 11)
The communication laser beam may propagate on a path in a different direction than 
the path from the wavefront sensor beacon. When the two paths are separated by 
angle 0, the anisoplanatic atmosphere causes a reduction in performance that can be 
approximated by
I^SOPL =  e x p [ - ( 8 / 8 o ) S / 3 ] ( 8 . 1 2 )
where Oq is the isoplanatic angle of the atmosphere.
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Figure 8.5. Spatial and temporal requirement for correcting ground to space transmission. %  is the number of radial modes corrected. [from Winocur, 1982]
Winocur [1982] has combined the expression for modal spatial correction with the 
temporal considerations. The result is not in analytic form, but an extensive numerical 
analysis showing how the relative intensity is improved by increasing spatial and 
temporal bandwidths (Figure 8.5). Considering the control system requirements for 
transmission from ground to space (300 km altitude) with a 2-meter aperture at 0.5 pm 
wavelength shows how 70 radial modes are required at a servo bandwidth of greater 
than 300 Hz, to achieve a relative intensity of 0.9.
Tyson [1996] has examined the system level properties of an adaptive optics system 
in terms of communication system parameters. He concludes that a 1.55-pm 
wavelength, 50-cm aperture GEO uplink signal fade can be reduced by a factor of 3 
using an adaptive optics system with more than 50 actuators and that the effect of 
adaptive optics on the surge levels is less significant. The adaptive optics system 
shows radical improvement with as few as 11 modes removed, if the angular 
isoplanatic error due to point-ahead requirement (approximately 23 pm) is 
compensated. In this case, the mean duration of signal fade is reduced by more than 
a factor of 4, with 30 modes (correction zones) removed.
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8. 3. SCINTILLATION REDUCTION USING MULTIPLE BEAMS
A spatial diversity transmitter consisting of multiple diode lasers with individual 
collimating lenses has been demonstrated to be effective in reducing fading caused by 
scintillation for short (100-400 m) horizontal paths [Bmno et al., 1989]. A practical 
way to realize this concept is to mount several transmitter elements in a single 
platform, so that the elements can be pointed as a unit. The transmitted elements 
should be separated sufficiently that the scintillations of the individual beams are 
uncorrelated at the receiver. Transverse amplitude correlation length is approximately 
equal to Fresnel zone size, for weak fluctuation conditions.
The results of a more comprehensive experimental study involving longer horizontal 
paths of 1.2 and 10.4 km have been reported by Kim et al. [1997]. Reduction in 
signal fluctuations was observed as the number of transmitters was increased from 1 
to 16. Figures 8.6 and 8.7 show histograms of received intensity for the two ranges. 
Log-normal distribution provides a good match for 1.2 km range. It was found that 
negative exponential distribution provides a better fit to the 10.4 km data, which 
indicates (super) saturation or very strong turbulence conditions.
Probability of Recorded Inicnsiiy; 1.2 kin Range
IS inch Circular La$crSpacing 2 inch Receive Aperture
  ] Loser- - 2 Laicrs • • 4 Losers—  8 Losers    16 LasersI
i f  V.
t
0.5
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Intensity (normalized to  mean)
3.5
Figure 8.6. Probability against intensity for the 1.2 km range. [from Kim et al.,1997]
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Figure 8.7. Probability against intensity for the 10.4 km range. [from Kim at al.,1997]
The effect of vai'ying the spacings between transmitted beams on the received signal 
was also observed. For the 1.2 km range, the relative spacing between the transmitters 
was varied from 10 cm to 28 cm and no significant difference was observed. This is 
because the correlation scale is expected to be about 2.5 cm for this range at À =0.78 
pm. For the 10.4 km range, however, the transmitter spacing had a large effect. 
Significant improvement was observed as the spacing was increased. Kim et al. found 
this finding unexpected, since they incorrectly estimated the correlation length for this 
range as about 8.9 cm using the Fresnel zone size. In fact, in the strong turbulence 
regime, the transverse correlation length is much smaller than the Fresnel zone. The 
covariance contains two scales in this case. A small scale peak with a width of about 
the phase coherence length and a long tail with a width of about the scattering disk 
size.
With one transmitter, extremely large link margins are needed for a burst error rate 
of 10' .^ With 16 independent transmitters, the required margin falls to about 7 dB. 
Kim et al. determined that this margin would not allow the required error rate for the
10.4 km range. Since it is not practical to continue increasing the number of
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transmitters or the power margin, the remaining deep fades should be dealt with a 
forward error correction scheme.
Q.B
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S fg n o i Posirç» (nW)
Figure 8.8. PDF of uplink signal in the GOLD experiment. The smooth curve overlaid on the PDF is the convolution of four lognormal distributions, [from Jeganathan et al.,1997]
Multiple beams were used to mitigate the effects of scintillation on the uplink during 
the GOLD (Ground-to-Orbit Lasercom Demonstration) experiments [Wilson et al., 
1996]. The uplink scintillation was reduced when two spatially and temporally 
incoherent beams were transmitted to the satellite. The number of beams was 
increased to four and a further reduction in scintillation variance was observed 
[Jeganathan et al., 1997]. Figure 8.8 shows the probability density function of uplink 
signal and the theoretical PDF.
In theoretical analyses, the signals arriving at the detector are assumed to have 
statistically independent, identical distributions. These distributions are then convolved 
to obtain the resultant distribution. Analytic expressions for the convolution of log- 
normal functions are not available, so numerical techniques must be used. The effect 
of beam wander and possible partial correlation should be included in analyses.
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8 .4 . SPECTRAL DIVERSITY
Different wavelength beams will exhibit less than perfect correlation in their intensity 
fields since the ratio of wavelength to eddy size, which roughly gives the scattering 
angle, is different for each beam. Thus, even though each propagating beam "sees" 
the exact same refractive index field, the intensity fields will tend to loose correlation 
if the beams encounter a substantial amount of turbulence. Fried [1971] has 
developed an expression for correlation of two waves with different wavelengths 
assuming zero inner scale and weak-turbulence conditions. He has found that spectral 
covariance is very weakly dependent on wavelength separation. He has concluded that 
the reduction of scintillation by spectral diversity techniques does not appear to offer 
much promise, since even for large wavelength differences not much reduction can be 
achieved. For a point receiver and a medium with zero inner scale, a quick estimation 
of the correlation coefficient can be obtained by using [Churnside et al., 1992]
where A=IÀi-À2 l/(^i+^ 2 ))- A diversity scheme with À,=1.55 pm and ^2=0.8 pm 
could have been very practical, but the correlation coefficient is 0.642 even for such 
a large wavelength separation. Only for the largest separations (A ,=10.6 pm, A2=0.5 
pm) the correlation coefficient drops to attiactive levels (R=0.157).
Fitzmaurice [1971] conducted one of the earliest experiments. Measurement of 
spectral correlation coefficients over 400-m and 1700-m horizontal paths did not show 
any decrease in correlation in the wavelength range 0.5145 jj,m  and 0.4579 /im . A 
typical value for the spectral correlation coefficient between 0.6328 fu.m and 0.500 jj,m  
over a 1700-m horizontal path was about 0.7. Pincus and Kerr [1976] reported 
spectral covariance measurements at 0.488-/im and 10.6-//m wavelengths. Weak 
fluctuation theory predicts that the correlation coefficient is independent of turbulence 
strength. They found that correlation was much greater than predicted at weak
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turbulence (this could be due to aperture averaging or inner scale), with a continued 
decrease to much below the predicted value in the saturation realm. They concluded 
that theory may not be useful for such a large spread in wavelengths, warning that 
their data is limited.
Ben Yosef et al. [1986] has shown that two-wavelength correlation coefficient is 
sensitive to inner scale. For nonzero inner scale, the correlation coefficient is 
generally higher, but the differences at the two wavelengths are enhanced when the 
bump in Hill spectrum coincides with the average Fresnel zone size. The correlation 
coefficient is also higher for a nonzero receiver aperture diameter. A theoretical 
expression has been developed for weak path-integrated turbulence [Tamir et al., 
1984].
For strong path-integrated turbulence, no complete theory exists. Gurvich et al. [1979] 
measured the two-wavelength correlation in strong path-integrated turbulence and 
concluded that weak fluctuation theory produces an overestimated result, while the 
assumption of a Gaussian distribution of the field leads to a considerable 
underestimation of the values. Zavorotnyi [1981] has developed an asymptotic 
expression for the correlation function, but this did not agree well with the data. 
Much stronger turbulence during the experiment would probably have resulted in 
better agreement. Churnside et al. [1992] have postulated a modification to the weak 
turbulence expression, which has no rigorous theoretical justification, but seems 
physically reasonable and describes correlation data fairly well.
Figure 8.9 is a plot of the predicted values of correlation coefficient as a function of 
the normalized coherence scale p=po[L(A,+A2 )/2 ]‘‘^  ^ for a point receiver. 
a=lo[L(Aj+A2)/2]'^^^ is the normalized inner scale; A ,=0.633 pm A2=0.442 pm.
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Figure 8.9. Correlation coefficient (R) as a function of normalized coherence scale for several values of normalized inner scale with a point aperture. [from Churnside et al.,1992]
In conclusion, spectial diversity might be of some use in strong turbulence, small inner 
scale conditions.
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E m p lo ym en t o f  a d a p tiv e  o p tic s  to  en h an ce g ro u n d  to  sa te llite  o p tic a l com m u n ica tio n  
sy s te m s  h as recen tly  b een  co n s id e re d  a n d  p o ss ib le  ben efits  h ave  been  show n. U plin k  
sc in tilla tio n  redu ction  b y  using m u ltip le  tra n sm itte rs  is a lso  b e in g  co n sid ered . W h at 
a p p e a rs  to  b e  cu rren tly  m issin g  in su ch  w o rk  is the rea lisa tio n  th a t tra n sm itte r  b ea m  
s iz e  is  a  c ru c ia l d e s ig n  p a ra m e te r  a n d  its  o p tim u m  va lu e  ch a n g es  con tin u o u sly  
a c c o rd in g  to  ch an g in g  tu rb u len ce  co n d itio n s  a lo n g  the p ro p a g a tio n  p a th . In  th is  
c h a p te r  w e  em p h a size  th is p o in t  a n d  p r o p o s e  a  con figu ra tion  in w h ich  the u p lin k  
tra n sm itte r  b ea m  s ize  is c o n tro lle d  in re a l tim e in resp o n se  to  m e a su re d  tu rbu len ce  
p a r a m e te r s  to  m ax im ize  m ean  in ten sity  a n d  m in im ize  f lu c tu a tio n s  a t  the sa te llite  
rece ive r . The fu l l  a n a ly tic a l e va lu a tio n  is n o t tra c tab le , b u t sem i-a n a ly tic  sim u la tio n s  
can  b e  run  to  ex p lo re  the im p ro vem en t f o r  d iffe ren t sc e n a r io s  a n d  s ite  con d itio n s. 
S o m e p re lim in a ry  s im u la tio n  re su lts  a re  p r e s e n te d  a n d  the d ifficu ltie s  h in d erin g  the  
a ch ievem en t o f  m o re  m ean ingfu l resu lts  through sim ula tion  a re  d iscu ssed . C on tro llin g  
the b ea m  size, e sp ec ia lly  b y  a  fa c to r  o f  tw o  o r  so, in re la tive ly  long  tim e sc a le s  sh o u ld  
n o t b e  a  p ro b le m . T ech n o lo g y  is su ffic ien t to  d e s ig n  an  ex p e r im e n t to  p r o v e  its  
fe a s ib ili ty .
9. 1. INTRODUCTION
A previous study published some 20 years ago [Dunphy and Kerr, 1977], concluded 
that the optimum beam size for a laser beam propagating through atmospheric 
turbulence is of the order of the coherence scale. The concept of optimum beam size 
seems to be forgotten since then. We first emphasize that the beam size is a crucial
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design parameter. We also show that the optimum size is critically dependent on 
beam wander and pointing accuracy, and can be much smaller than the coherence 
scale for large pointing errors.
We assume weak-turbulence conditions, because as the turbulence strength increases 
there is a marked decrease in the importance of beam size. In sufficiently strong 
turbulence, intensity fluctuations will be independent of the initial beam stmcture and 
determined entirely by the medium. For the weak-fluctuation assumption to hold, 
normalized scintillation variance must not exceed 1. This condition limits the 
allowable zenith angles to 60-65 degrees on average.
Generally the scintillation vaiiance for a given beam diameter is minimized by slightly 
converging the transmitted beam [Shelton, 1995]. The decrease in variance between 
a collimated beam and a beam with the optimal focus is modest for small beams, but 
rapidly becomes significant as the beam diameter is increased. The optimal focus 
depends on the distribution of the refractive index structure parameter and thus its 
precise value changes with the changing turbulence conditions. However, we will 
assume a fixed, approximate beam-focus setting, since locating and maintaining the 
precise focus condition presents major practical difficulties for real operating systems.
9. 2. BEAM SIZE AND EDDY SIZE
Depending on the turbulence eddy size and beam diameter we can identify three types 
of effects of atmospheric turbulence on a laser beam. The eddies larger than the beam 
diameter deflect the beam as a whole in a random manner (beam wander). The eddies 
of the order of the beam diameter, to a first approximation, act as lenses which focus 
and defocus all or parts of the beam, causing a granular structure of the wavefront 
(scintillation). The steering and spreading of the beam are both small in this case. 
The eddies smaller than the beam diameter independently diffract and scatter small 
portions of the beam causing beam spreading.
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The preceding discussion suggests that one observed effect of atmospheric turbulence 
can be traded for another by controlling the geometry of the propagated beam. For 
example it is known that defocusing always increases the scintillation. On the other 
hand this will decrease the beam wander. For a converging beam, the scintillation 
weighting function exhibits a sharp decrease in the vicinity of the beam waist. This 
is because the effect of the eddies larger than the beam on scintillation is eliminated 
by decreasing the beam size. The price to pay in this case is increased beam wander.
9. 3. BEAM SIZE AND BEAM SPREADING
Yura [1973] and Tavis and Yura [1976] have used the extended Huygens-Fresnel 
principle to calculate the spread of a Gaussian beam. Breaux [1978] has performed 
numerical calculations and obtained the following approximation by curve fitting:
= I 1 + 0 . 1 8 2 ^  D/ p „ < 3  ( 9 . 1 )
where D is the beam diameter, po is the coherence scale, i\„ is the diffraction limited 
value of the beam radius at the receiver plane. This expression is valid for D/po<3. 
For D/po from 3 to 7.5, the expression is
1 + ^ - 1 - 1 8  "'di' 3 < D / p „ < 7 . 5  ( 9 , 2 )
P o  ^ 0
The plot of this equation is nearly a straight line and fell above most of the data 
points acquired by Searles et al.[1991]. They suggested reformulating it as
3 < D / p „ < 7 . 5  ( 9 . 3 )r 0
The measurement results suggest that this equation may be valid much beyond the
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stated range of validity (up to D/po=100).
S .5
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Figure 9.1. Ratio of the spread beam radius to the diffraction-limited radius.
Now a qualitative picture will be given, which we have produced by interpreting the 
results from various sources. For D/p^ > 3, the beam is broken up into multiple 
beamlets. When we have only a few beamlets, the total energy is distributed in an 
irregular way among the beamlets, and at each instant we have one brightest beamlet. 
When D » p o , it is difficult to distinguish one beamlet from another. The number of 
beamlets is approximately (D/po)^. Each one has approximately the same brightness, 
its position is continuously changing, and the beam cross-section looks like a boiling 
pattern. This region is considered unusable for communication purposes unless high 
order adaptive optics (with tens of degrees of freedom) is employed. For 1 < D/po 
< 3, the bulk of the light energy is contained in a single, wandering beam. The beam 
centre retains its shape and the excess energy is scattered into large angles by the 
smaller scales of turbulence. The resultant mean-intensity profile looks like the 
turbulence-free intensity decreased by an extinction coefficient plus the scattered 
intensity which has only a weak angular dependence. This region may be usable with
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low order adaptive optics correction (with several degrees of freedom). When D is 
smaller than p ,^ the effects of turbulence are small compared to diffraction effects. 
For D>po , that is in the realm of turbulence induced beamspread, coherent fading 
predominates. The result of the preceding discussion is that the beam diameter must 
be kept smaller than the coherence scale in cases when adaptive optical corrections 
are not available or impractical:
( 9 . 4 )
For a given integrated-path turbulence level, the average antenna gain of a static 
beam-size transmitter cannot exceed the free-space antenna gain of an antenna of 
diameter Po- In fact, a larger beam will result in less mean intensity and greater 
fluctuations on the satellite receiver [Dunphy and Kerr, 1977].
Satellite 
receiver/T ransmitler
G aussian  B e a n \  
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Effective Atm ospheric  
Height 2 0  km Upper A tm ospheric Wind
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Transm itter/Receiver
Figure 9.2. Schematic of an uplink propagation channel illustrating the Gaussian beam profile and angular pointing error. [from Andrews and Phillips,1998]
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9. 4. BEAM SIZE AND BEAM WANDER
The single-axis uplink beam wander variance can be approximated by [Churnside, 
1993]
( 9 . 5 )
G reenw ood  
von Karman0.9
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Figure 9.3. Outer scale correction factor for two different spectra.
Beam wander seems weakly dependent on the transmitter beam-size owing to the 
infinite outer scale assumption. For finite outer scale, Sasiela and Shelton [1993] have 
calculated correction factors for two different turbulence spectra. The spectrum with 
Lq depends on the generation mechanism of the turbulence, and it can have different 
dependence for different conditions. The correction factors for the von Karmann and 
the Greenwood models are given by
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VK
( 9 . 6 )
C„ = 1 - 1 . 8 5  (-^>^^=' + 1 . 7 6  ( - ^ )  - 5 . 2 4  ( - ^ ) ^
0 0 ^ 0
D D
+6 .7 0 .77 { — ) ^DL
( 9 . 7 )
The leading correction term is to the 1/3 power in both cases, which results in a 
significant effect even when Lq is much larger than the beam size as shown in Figure 
9.3. It is assumed that Lq does not depend on altitude, so it should be regarded as an 
effective length.
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Figure 9.4. Normalized intensity variance due to beam wander against outer scale for Greenwood (dashed line) and von Karman (continuous line) spectra. D=15 cm, Ro = 50 km, 1 = 1.55 (xm, ^=45°, H=38500 km.
Titterton [1973] has considered the effects of the motion of a narrow laser beam on 
detected power fluctuations for a receiver located in the far field of the transmitter.
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The normalized intensity variance due to beam wander is given by
4Y+1
where y is defined as the ratio of the mean-square wander angle to the short-term 
beamspread angle. For D<Pg, that is for negligible turbulence-induced beamspread, 
this becomes
Y = -------- L ,2 ( 9 . 9 )
4L^ R o
where C is the outer scale correction factor, L is the path length and Rq is the radius 
of curvature at the transmitter. The uplink beam wander can be a significant fraction 
of the beam-size. Titterton [1973b] has shown that the intensity fluctuations caused 
by beam motion can be substantially greater than those caused by scintillation. Figure
9.4 shows the behaviour of the normalized intensity variance due to beam wander as 
function of outer scale for two different spectra and various coherence scale values. 
The effect of outer scale can be very significant especially for small coherence scale 
values.
Mean intensity will also be affected by beam wander. The reduction in mean intensity 
is given by [Titterton, 1973b]
<J> = — ^  ( 9 . 1 0 )1+2Y
where Iq is the intensity in vacuum. Clearly, the effects of beam wander cannot be 
neglected in designing a ground to satellite optical communication system. This 
problem can be alleviated by use of a fast-tracking transmitter, which is designed to 
detect and cancel atmospherically induced beam wander [Dunphy and Kerr, 1974]. 
To accomplish this, the transmitter adjusts its outgoing beam angle to match 
instantaneously the angle of arrival of the wavefronts from a beacon (or reflector)
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located at the target. As a result of reciprocity, the wander of the transmitter beam 
at the target is cancelled.
Point-Ahead 
Angle
2 V /C
Figure 9.5. Geometry for a point-ahead propagating laser beam. [from Andrews and Phillips,1998]
The communication beam may propagate on a path in a different direction than the 
path from the beacon. When the two paths are separated by an angle, only partial 
cancellation is obtained owing to the anisoplanatism of the turbulent atmosphere. For 
the geosynchronous orbit, the velocity of the satellite is roughly 3000 m/s. In the time 
it takes for the beacon to propagate down through the atmosphere and the uplink 
communication beam to propagate to the satellite, the satellite’s apparent position will 
have changed. The change corresponds to a point-ahead angle (Figure 9.5) of 
approximately 23 prad. Physically the isoplanatic angle defines the maximum angle 
between the beacon optical path and the outgoing laser beam for which the two paths 
may be regained to possess the same turbulent distortions. The isoplanatic angle for 
the Hufnagel-Valley (5/7) turbulence profile at À=1.55 pm is 27 prad. Furthermore, 
it is known that tilt corrections are less degraded by anisoplanatism than higher order
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modes. Therefore beam wander cancellation should work for the geosynchronous orbit 
and long wavelengths. The point-ahead angles are much larger for LEO satellites and 
the only solution to the beam wander problem may be to increase the beam 
divergence.
to
I.1I1si
10' r.=0.25
no®10'* 10Transmltlar Fresnel number (F^)
Figure 9.6. Radial dependence of scintillation index.
9. 5. BEAM SIZE AND SCINTILLATION
It is useful to express the total normalized intensity variance for the uplink as the sum
( 9 . 1 1 )
where is called the longitudinal component, which is constant in the transverse 
plane and o , /  is called the radial component, which vanishes on axis but increases 
monotonically with distance off axis. The longitudinal scintillations are caused 
primarily by high-altitude turbulence, while boundary-layer turbulence is largely the 
cause of the radial scintillations. The normalized scintillation index of a collimated 
Gaussian beam as a function of the transmitter Fresnel number for various values of 
normalized radial displacement (r^ ) is shown in Figure 9.6. A uniform turbulence
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strength is assumed for simplicity and normalization is with the variance of a point 
source. Small transmit diameters or Fresnel numbers yield scintillation variances that 
duplicate the variance from a point source. Similarly, large beam diameters cause the 
scintillation variance to approach the variance of an infinite plane wave. The radial 
component vanishes in these limiting cases. Between these two extremes, however, 
the centre and edge of the beam exhibit just the opposite behaviour. It is apparent that 
the beam size that minimizes on-axis scintillation maximizes off-axis scintillation.
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Figure 9.7. Beam diameter which minimizes the total scintillation variance against normalized radial displacement.
Figure 9.7 depicts the beam diameter which minimizes the scintillation variance 
against normalized radial displacement. Geosynchronous orbit, 45° zenith angle, 50 
km radius of curvature, 1.55 pm wavelength, Hufnagel-Valley turbulence strength 
model, Kolmogorov spectrum are assumed. The optimum diameter decreases rapidly 
towards zero with increasing radial displacement and beyond roughly the midpoint any 
increase in beam diameter above zero actually increases the variance. It is apparent 
that if the beam size is to be optimized especially for a nominal pointing error which 
corresponds to a point beyond the initial very rapid decay, there will be a compromise 
between maximization of average intensity and minimization of fluctuations.
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9. 6. OPTIMUM BEAM SIZE
As emphasized in the preceding sections, beam wander, scintillation and beam 
spreading are all functions of beam size among other parameters. Present theories 
treat each of these observable effects of the atmospheric turbulence separately, 
although they aie intimately related. A unified treatment is needed to determine the 
optimum values of design parameters such as beam size and beam focus. In 1972 
Kerr and Eiss [1972] reported that an effort was under way (by H.T. Yura) to combine 
theoretically the phenomena of wander and scintillation. To our knowledge, no 
successful result arose from that effort and we are not aware of results of any other 
similar effort. Dunphy and Kerr [1977] used a phenomenological approach for a 
unified treatment and concluded that for a given integrated-path turbulence level, the 
optimum diameter (D) of a collimated or focused beam is of the order of the 
coherence scale (po). They ignored the radial dependence of scintillation variance. 
Even if perfect pointing accuracy is assumed, it is a contradiction to combine beam 
wander and scintillation whilst assuming on-axis scintillations. This in effect assumes 
a receiver moving with the centre of the beam. When the radial dependence is taken 
into account, the optimum beam size is critically dependent on pointing accuracy 
(which includes beam wander) and can be much smaller than the coherence scale for 
large pointing errors, as shown in Figure 9.7. Consequently, the beam size 
maximizing mean intensity may not coincide with the size minimizing fluctuations, 
and a compromise may be necessaiy. The effect of finite outer scale was also not 
included in the previous analysis. Under the light of the discussions given so far, the 
optimization problem can be formulated as follows
D^^^=minimize(o^j+o^^^+(}^J Sc maximize  {<!>) , 0<D<p^ (9.12)
For a given turbulence condition and a specified set of parameters, the optimum beam 
size can now be calculated. The next problem is that the optimum beam size changes 
continuously according to changing turbulence conditions. In this case, a fully general 
analytic solution is intractable, but semi-analytic simulations can be run to obtain 
PDFs of the optimum beam size for different scenarios. Once such PDFs have been
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obtained, the system designer can then make an informed decision about the beam 
size. Seemingly, the current practice is to decide based on past experience, which 
may not involve long-term systematic measurements under controlled conditions, or 
even more or less arbitrarily.
9. 7. ADAPTIVE BEAM SIZE CONTROL
The proposed configuration of adaptive beam-size control for a ground-to-satellite 
optical link is shown in Figure 9.8. The two most important moments of are 
measured in real time by coherence scale and isoplanatic angle sensors and used to 
estimate the two parameters of the Hufnagel-Valley model. The Hufnagel-Valley 
model represents the refractive index structure parameter as a function of altitude h 
given in kilometres:
(h)  =5 . 9 4 x I 0 “^ ^ii^°exp ( - i i )  i - ^ ) ^  + 2 .V xIO '^ ^ e xp  ( - 2 h / 3 ) ^ g
+ A exp {-lOii)
With the wavelength given in micrometers, the coherence scale po in centimetres, and 
the isoplanatic angle Bq in microradians, the parameters A and V can be found for any 
site conditions using [Tyson, 1996]
V = 21 (7 5 -  0 . 1 4 )
A = 3 . 7 5 x I 9 “^^p“^ /^À  ^ -  1 . 6 1 X 1 -  3 . 8 9 x 1 0 " ^ ^
The virtue and appeal of the H-V model is that it provides a model that is consistent 
with moderate values of po and 0g. The turbulence model given in equations (9.13) 
and (9.14) does not work for certain combinations of coherence scale and isoplanatic 
angle. These correspond to extreme values of pg and 0g and it is not clear whether 
this will constitute a major problem in practice. In cases where this constitutes a 
problem, a profiler instead of an isoplanatic angle sensor must be employed.
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Figure 9.8 scheme. Proposed adaptive beam size control
The averaging time for a coherence scale measurement is a compromise. The 
optimum time is usually between 0.5-1 sec. The speed of a typical isoplanatic angle 
sensor is about 1 measurement per second. Note that we do not need to take the 
required measurements within the isoplanatic patch or even at the same wavelength 
with the communication signal. Since certain features of the atmosphere tend to have 
a very long horizontal extent, the measurements can be taken at a different zenith 
angle and wavelength as long as they are scaled properly. The coherence scale and 
estimated C„^  distribution are then used to optimize the beam-size for maximum 
intensity and minimum fluctuations on the satellite receiver.
D,„ax and D,„i„ in Figure 9.8 are variable constraints on the instantaneous beam 
diameter, which are determined by the measured coherence scale, average power 
requirements and optomechanical constraints. 0,^^  ^cannot exceed the instantaneous 
value of the coherence scale. Average power requirements will put a lower limit on 
the beam diameter. Optomechanical constraints may narrow down this interval. First, 
there will an adjustable range of the zoom mechanism, which may or may not
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coincide with the limits mentioned above. A second concern is the speed of the zoom 
mechanism. For example the zoom system of the European Space Agency’s Optical 
Ground Station in Tenerife (Spain) has two modes. In the coarse mode the full zoom 
range can be scanned in 40 sec. (7mm/sec), but the beam looses collimation. In the 
normal mode, a full zoom range scan takes 278 sec. (1 mm/sec), but the beam 
collimation is preserved. Such a slow response of the zoom mechanism may further 
narrow down the available interval from time to time.
9. 8. TURBULENCE STATISTICS
Walters and Bradford [1997] have recently presented a statistical analysis of i'q 
(Fried’s parameter, which is equal to 2.1 po) and Oq measurements collected over the 
last two decades at 18 different sites. They found that both parameters tend to follow 
a lognormal probability distribution for the sites considered individually or in groups. 
Figure 9.9 is representative of the plots they have generated for all sites. The 
coherence scale histogram rises rapidly to a peak and then declines with a long tail. 
Multiple peaks in the isoplanatic angle data arise from synoptic scale atmospheric 
processes such as the approach of a cold front and the associated turbulent shear 
produced by the polar jet stream. Coherence scale standard deviations vary between 
xl.3 and xl.8, while isoplanatic angle standard deviations vary between xl.2 and xl.6.
Miller and Zieske [1977] reported a variety of temporal behaviour of rg. These range 
from almost a constant value of I’g over a 3 hour period to large fluctuations between 
points separated by 10 minutes. Another type of behaviour seen were towards 
improving (increasing ig) and degrading (decreasing I'g) conditions. Their data 
supports the conclusion that atmospheric nonstationarity effects occur much of the 
time with a characteristic scale of less than 10 min. Some data suggesting the 
presence of significant levels of temporal nonstationarity on time scales of the order 
of seconds were reported by Karo and Schneiderman [1976]. These data are not 
conclusive, as these effects may be strongly site dependent (i.e., low-level turbulence 
variations peculiar to the measurement site).
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Figure 9.9. Distributions of coherence scale and isoplanatic angles for the M t . Wilson, California. Measured values are for <|)=0° and 1=0.5 jxm. [from Walters and Bradford, 1997]
Note that coherence scale will also change with the changing zenith angle in the case 
of a moving satellite. This will modify the probability density function as well.
9 .9 . SIMULATION
It is not possible to quantify the improvement provided by the proposed adaptive beam 
size control scheme analytically, since it depends on many parameters including 
statistical parameters, and on the optimization algorithm, in particular how the priority 
is given to maximization of average intensity or minimization of fluctuations. Semi- 
analytic simulations can be run to explore the improvement for different scenarios and 
site conditions. Before engaging in extensive simulation runs, however, the following 
difficulties regarding turbulence statistics must be addressed.
First, correlation between the coherence scale and isoplanatic angle values must be 
established. Since the coherence scale is largely determined by the boundary layer 
turbulence and the isoplanatic angle is largely determined by the high altitude 
turbulence, there will be very little correlation between these values except under 
certain atmospheric conditions. Walters and Bradford [1997] report that data periods 
that had large coherence scales often had large isoplanatic angles. During these events 
a correlation between the fluctuations in the coherence scale and isoplanatic angle
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values was common. When the low-altitude surface contributions to coherence scale 
declined, the higher-altitude components contributed more to the integrated turbulence 
profile. At the opposite extreme, the approach of a cold front and the associated polar 
jet would drive the isoplanatic angle down to very small values and the correlation 
scale down to smaller values.
Another issue is the temporal behaviour of the isoplanatic angle and especially 
coherence scale values. We have included some discussion in the previous section, 
but it is insufficient and inconclusive. These parameters should be monitored 
continuously and power spectral densities should be derived under various conditions.
To be able to simulate the case where a C /  profiler instead of an isoplanatic angle 
sensor is employed, a random model of C /  is needed. The initial version of the 
Hufnagel model [Hufnagel, 1974] included a random modulation factor in order to 
introduce time-dependence as well as stratification and structure. The form in 
widespread use is the mean of the Hufnagel’s original statistical model. The random 
model has not seen much use since the statistical parameters of the random factor are 
difficult to estimate or validate experimentally. The usefulness of this model should 
be assessed for the task at hand. Note that further time variations are implicit in the 
statistics of the parameters A and V.
In order to demonstrate the benefit of the proposed adaptive beam-size control scheme, 
some preliminary simulations were run. A 1.55 pm wavelength, 38500 km 
geostationary satellite altitude, 45 degree zenith angle, and 50 km radius of curvature 
at the transmitter were assumed. was set at the minimum value of the coherence 
scale and was set at the instantaneous value of the measured coherence scale. 
In these simulations we used truncated lognormal distributions for both coherence 
scale and isoplanatic angle. Mean coherence scale was 25 cm with a standard 
deviation of xl.7, and mean isoplanatic angle was 40 cm with a standard deviation of 
xl.6. These values are representative of a mountaintop location with good seeing 
conditions. Lognormal distributions with these values produce unrealistically high and
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low values of po and Oq. We therefore truncated these distributions. This modifies 
the distribution parameters and a readjustment of the parameters becomes necessary. 
It is difficult to obtain the desired shape in this way. This difficulty arises from the 
fact that the real distributions are not tmly lognormal, but somewhere between normal 
and lognormal [Walters and Bradford, 1997]. Where possible, experimentally derived 
actual distributions should be used. We assumed that coherence scale and isoplanatic 
angle values are uncorrelated, and the zoom mechanism can perfectly perform the 
required adjustments.
0.05
0.045
0.04
0.035
0.03
5  0,025
0.02
0.015
0.01
0.005
20 40 45beam diameter (cm)
Figure 9.10. Probability density function of the optimum beam diameter illustrating the benefit of the adaptive beam size control scheme, r^  is the normalized radial displacement.
We devised a simple priority scheme to define the optimum beam size in cases when 
a compromise is needed between maximization of mean intensity and minimization 
of fluctuations. The optimization algorithm first calculates the beam size which 
minimizes the total intensity variance. If the corresponding variance is larger than a 
threshold level (0.1 in this case) it is the optimum size. Otherwise it is increased until 
the threshold level or is reached.
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Figure 9.11. Histogram of the ratio of the intensity variance of the adaptive beam to the variance of a static beam (4.7 cm) for the case of zero pointing error.
In Figure 9.10, the resultant probability density function of the optimum beam 
diameter is shown. The dotted line is for zero pointing error and the solid line is for 
a normalized radial displacement of 0.1. In both cases the beam diameter would have 
to be set at about 5 cm for a static beam. Figure 9.11 is the histogram of the ratio of 
the scintillation variance of the adaptive beam to the scintillation variance of a static 
beam (4.7 cm) for the case of zero pointing error.
9. 10. DISCUSSION
The optimum uplink transmitter beam size is a random variable and critically 
dependent on beam wander and pointing accuracy. The pointing error should be kept 
small, i.e., beam wander should be cancelled, in order to benefit maximally from the 
proposed adaptive beam size control scheme, especially for the geostationary orbit 
where high antenna gains are needed to overcome the large diffraction losses. 
Otherwise there will be a compromise between the maximization of average intensity 
and the minimization of fluctuations.
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We ran preliminary simulations by making some simplifying assumptions. In order 
to obtain more meaningful results, the correlation between coherence scale and 
isoplanatic angle values must be established, and temporal behaviour of these 
parameters must be studied in more detail. To simulate the case where a C„  ^profiler 
instead of an isoplanatic angle sensor is employed, a random model of is needed. 
The particular PDF shown in Figure 9.10 should not be taken as "typical", since it 
depends on many factors. Extensive simulations should be run by systematically 
varying the parameters to see if common features emerge.
The systems engineering impact of such a control system must be considered. 
Controlling the beam size, especially by a factor of two or so, in the relatively long 
time scales should not be a problem. Technology is sufficient to design an experiment 
to prove its feasibility. Favourable conditions for the implementation of the scheme 
are geostationary orbit, a long wavelength, a small zenith angle, a variable data rate 
system and good seeing conditions. The proposed adaptive beam size control scheme 
may be sufficient on its own under favourable conditions or it can be complementary 
to other methods. For example, European Space Agency’s Optical Ground Station in 
Tenerife has the capability of simultaneously adjusting the sizes of four subbeams. 
If it is not practicable to implement the scheme, it can be used as a design tool to 
optimize the beam size under various turbulence conditions.
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G ro u n d -sa te llite  o p tic a l co m m u n ica tion  links a re  b e in g  e n v is io n ed  a s  the u ltim a te  
so lu tio n  to  the b o ttlen eck  p ro b le m  b e tw een  sa te llite  a n d  o p tic a l f ib r e  n etw orks. A lso , 
th ere  a re  sp e c if ic  a p p lic a tio n s  w h ich  can  h u gely  ben efit f r o m  th is tech n o lo g y . The 
th eo re tica l a d va n ta g es  can  on ly  b e  exp lo ited , i f  m ean s c o u ld  b e  fo u n d  to  c ircu m ven t  
the lim ita tio n s  du e to  a tm o sp h e r ic  effects. A tm o sp h eric  tu rbu len ce  d o m in a te s  the  
a n a ly s is  a n d  d es ig n  o f  th ese  links. The effec ts  o f  a tm o sp h eric  tu rbu len ce  on  the  
p erfo rm a n c e  o f  g ro u n d -sa te llite  o p tic a l com m u n ica tion  sy s te m s  a n d  p o s s ib le  
co u n te rm ea su res  h a ve  b een  in v e s tig a te d  in th is  thesis. The b a s ic  co n c lu sio n  is  th a t 
th ere  a re  in d eed  w a y s  to  o verco m e  the effec ts  o f  a tm o sp h eric  tu rbu len ce  to  so m e  
d eg ree , b u t e sp e c ia lly  the in h eren t u n certa in ties in a tm o sp h eric  tu rbu len ce  m o d e llin g  
h in d e r  a ccu ra te  qu an tifica tion . M o re  th e o re tic a l a n d  ex p erim en ta l w o rk  n e e d s  b e  
d o n e  to  c o m p a re  re la tiv e  a d v a n ta g e s  a n d  d isa d v a n ta g e s  o f  a lte rn a tiv e  
cou n term easu res.
10. 1. CONCLUDING OVERVIEW
10. 1. 1. Atmospheric Turbulence
Because turbulence is a random process, it must be described in terms of statistical 
quantities. It is nearly impossible to do a complete statistical analysis. For both 
theoretical and intuitive simplicity, as well as for economy of effort in making 
estimates, we assume that major statistical simplifications such as stationarity, 
homogeneity and isotropy are valid. We also assume that temporal statistics are
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derivable from spatial statistics through the frozen-turbulence hypothesis. Although 
we have no way of making long term predictions of climatic conditions, we assume 
that the climatology of the past can be extrapolated into the future.
The design of any optical system operating in the atmosphere requires previous 
investigations of atmospheric turbulence conditions at the system’s location. In 
addition, if outdoor optical measurements are to be useful in assessing the performance 
of the optical system, or in checking propagation theory, they must be supported by 
simultaneous direct measurements of the atmospheric turbulence. Stellar observations 
provide a useful and convenient means for these purposes in the case of ground- 
satellite optical communications. We have reviewed the available refractive index 
structure parameter profiling techniques based on stellar observations.
Above the boundary layer, atmospheric turbulence is confined to thin, horizontal layers 
separated by nonturbulent regions. The technique we selected for implementation is 
based directly on detecting these layers. We have described the experimental setup. 
Initial results show that the current state of the experimental setup and the processing 
algorithm can detect only the most prominent layers. Also altitude accuracy was 
found to be less than expected. Hairfware upgrades may improve the results, but non- 
Kolmogorov turbulence spectra at the stratospheric layers and the adverse effects of 
bad seeing conditions at the measurement site must also be considered.
10. 1. 2. Effects of Atmospheric Turbulence on Laser Beam Propagation
A complete quantitative description of the effects of atmospheric turbulence on a laser 
beam proved extremely difficult. There are various theoretical approaches to the 
general problem. For weak turbulence, the Rytov method provides satisfactory results, 
most of which have been confirmed experimentally. For strong turbulence, most of 
the theories provide either asymptotic results or intractable results in the form of 
multiple integrals. For systems engineering purposes, simple heuristic or 
phenomenological approaches seem more suitable as long as they are supported by
170
Conclusions
experimental evidence, especially given the large uncertainty in turbulence 
characterization.
One issue which has not yet been satisfactorily resolved is the PDF of scintillation. 
Over the years many models have been proposed. It has been shown theoretically that 
the PDF approaches a negative exponential in the very strong turbulence region. 
Several attempts to confirm this prediction in horizontal paths failed, because 
unrealizable turbulence levels are required over achievable paths when the receiver is 
located in the turbulent medium. When the receiver is located far from the turbulent 
medium, the received field is the sum of a large number of uncorrelated waves, which 
is the very requirement for the prediction. Also extremely small aperture sizes are 
required in horizontal paths.
The ETS-VI experiment provided an opportunity in this respect. We have shown that 
under the experimental conditions (D »po) a negative exponential distribution is the 
expected PDF and presented experimental evidence in support of the theoretical 
prediction. The ETS-VI experiment results also confirm that too large a beam size 
can have significantly deleterious effects on fading performance.
10. 1. 3. Countermeasures to Turbulence Effects
The concerns for downlink propagation paths are scintillation and angle-of-arrival 
fluctuations. Beam wander and beam spreading are of the order of nanoradians in this 
case, and therefore negligible. Scintillation can be overcome by receiver aperture 
averaging. Under strong turbulence conditions, using a multi-aperture receiver instead 
of a large aperture can be of substantial benefit. The countermeasure to angle-of- 
arrival fluctuations is to optimize the field-of-view angle according to the coherence 
scale.
If only the atmospheric turbulence effects on downlink are taken into account, a 
multigigabit per second data rate is feasible. However, the onboard pointing and
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tracking system is dependent on the uplink beam, which is severely affected by 
atmospheric turbulence. A technique based on monitoring the disturbance by 
microaccelerometers and compensating before it affects the outgoing laser beam, can 
reduce this dependency.
Because the beam propagates large distances after passing through turbulence, the 
spatial scale of intensity fluctuations at the satellite is much larger than any practical 
receiver aperture. Therefore, there is no receiver aperture averaging for the uplink.
Re-optimizing the truncation diameter taking into account the turbulence effects 
provides very little improvement.
Spectral covariance is very weakly dependent on wavelength separation for weak 
turbulence. For strong turbulence, spectral diversity might be of some use under 
certain conditions.
The most promising countermeasure for the uplink is adaptive optics compensation, 
when it is affordable. The performance of an adaptive optics system is limited by a 
number of factors, the most important being the anisoplanatism due to point-ahead 
requirements. This requires artificial guide star technology, which adds to cost and 
complexity.
Another promising approach is transmitter spatial diversity using multiple beams. The 
effectiveness of this approach has been demonstrated experimentally, but no rigorous 
theoretical treatment exists to allow generalization of the improvement for a 
quantitative comparison with other methods.
Early analyses predicted drastic reductions in uplink on-axis scintillation variance with 
increasing beam size. Recent analyses have shown that as the beam size is increased, 
the scintillation variance gradient grows large off the beam centre, and eventually the 
limitation of the first-order theory is exceeded. However, no clear restriction on the
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beam size had been given. We have established a clear, explicit, simple limit on the 
beam size : the beam radius must not exceed a third of the coherence scale. This is 
a very severe limitation and calls for long wavelengths for which coherence scales are 
larger.
Analyses also predict that slightly converging the beam results in less scintillation than 
a collimated beam. During the ETS-VI experiment we were not able confirm this 
prediction. Earlier experiments conducted in horizontal paths also failed to show the 
difference between collimated and converging beams. First-order theory have been 
supplemented by various methods, which suggest that converging beams behave very 
similarly to collimated beams. This makes the beam size the single most important 
adjustable parameter.
We have emphasized that transmitter beam size is a crucial design parameter and its 
optimum value changes continuously according to changing turbulence conditions 
along the propagation path. A previous study concluded that the optimum beam size 
is of the order of coherence scale. We have shown that the optimum size is critically 
dependent on beam wander and pointing accuracy, and can indeed be much smaller. 
Consequently, a compromise may be necessary between maximization of mean 
intensity and minimization of fluctuations.
We have proposed a configuration in which the uplink transmitter beam size is 
controlled in real time in response to measured turbulence parameters to maximize 
mean intensity and minimize fluctuations at the satellite receiver. The full analytical 
evaluation is not tractable, but semi-analytic simulations can be run to explore the 
improvement for different scenarios and site conditions. We ran preliminaiy 
simulations by making some simplifying assumptions for demonstration purposes. 
Before engaging in extensive simulation runs, the correlation between coherence scale 
and isoplanatic angle values must be established, and the temporal behaviour of these 
parameters must be studied in more detail. To simulate the case where a profiler 
instead of an isoplanatic angle sensor is employed, a random model of C f  is needed.
173
Conclusions
Controlling the beam size, especially by a factor of two or so, in the relatively long 
time scales should not be a problem. Technology is sufficient to design an experiment 
to prove its feasibility. Favourable conditions for the implementation of the scheme 
are a long wavelength, a small zenith angle, geostationary orbit, a variable data rate 
system and good seeing conditions. The proposed adaptive beam size contiol scheme 
may be sufficient on its own under favourable conditions or it can be complementary 
to other methods.
10.2. FURTHER WORK
The analysis of problems concerning propagation through atmospheric turbulence can 
be segmented into three steps: First, statistics describing the random irregularities of 
the refractive index along the propagation path must be quantitatively determined. 
This involves two substeps: (1) The expected climatology for the location of the 
communication system must be determined. (2) The turbulence characteristics must 
be estimated or predicted from the climatology by combining theoretical and empirical 
knowledge of turbulence. Second, the statistics for the propagated radiation must be 
determined. Third, the statistics of the radiation must be translated into appropriate 
statistics which describe overall system performance.
The content of this thesis together with the references provides most of the 
information required for the first two steps. Above the boundary layer, the 
atmospheric turbulence is not yet fully understood, and useful empirical data have 
been limited owing to high cost of long-term in situ  measurement campaigns. 
Developments in this area should be closely followed and system design and analysis 
procedures should be revised whenever a significant development occurs. Laser beam 
propagation through atmospheric turbulence has been studied for about 40 years, and 
no theoretical breakthrough is expected. More carefully-designed experiments are 
needed to validate analytical models, verify system performance, demonstrate 
technology maturity, and establish the confidence level required for transition to 
operational systems.
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The third step requires that other issues which have not been covered in this thesis 
such as receiver design, transmitter design, optical design, pointing/tracldng subsystem 
design, absorption and scattering by atmospheric constituents, and background 
radiation must be brought in.
Note that the three-step procedure described above is an iterative process. The second 
step also requires some overall system design, but the system designer needs to have 
the appropriate statistics before making the final decisions. The design process should, 
therefore, stait by a set of tentative design parameters, which should be wisely selected 
for fast convergence, and the results of the first iteration should be fed back for further 
iterations.
The complexity of ground-satellite optical communication systems demands that a 
unified methodological approach be taken to their optimum design. Choices must 
ultimately be made on the basis of minimizing system cost. Ways must be found to 
balance rigor and approximation. Insufficient consideration of the possibilities and the 
probabilities may result in failure of the system; an overly conservative approach may 
mean that the design is an economic failure due to excessive cost.
We originally aimed at deriving well-defined system design and analysis guidelines 
together with necessary tools in the form of graphs, tables, algorithms, computer 
programs, simulation models, etc. The three-step iterative procedure should be 
detailed and extended for this purpose. The literature on general systems engineering 
methods and tools should be examined with a view to bring in or adapt some of them 
to help overcome the complexity.
More specific suggestions fitting into this framework could be listed, but the thesis 
already contains enough detail for those who would like to build on this work. We 
are planning to carry out some further work on transmitter aperture averaging and 
organize the material into a journal paper. Next, we are planning to study the 
correlation between coherence scale and isoplanatic angle values, and the adequacy
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of the Hufnagel-Valley model in modelling the vaiiation and trend in these parameters. 
This will not just be a mathematical exercise, but also requires identification and 
characterization of the meteorological events leading to non-negligible correlation. 
This work is compulsory to remove the most important obstacle hindering quantitative 
elaboration of our work on adaptive beam size control, but also of general relevance 
and may ultimately lead to a proposal for a modification of the widely used Hufnagel- 
Valley model.
The European Space Agency’s Optical Ground Station has a zoom mechanism, and 
there is an intention to "adjust the beam divergence based upon real time 
measurements of seeing conditions" during the upcoming SILEX experiments. 
However, we learned that there are no specific plans for this purpose as yet. The 
main function of OGS in the SILEX project is to check out functioning of the optical 
communications terminal onboard the ARTEMIS satellite. There may be an 
opportunity to partially implement the proposed adaptive beam size control scheme, 
or at least to demonstrate the benefit of beam size adjustment according to real time 
turbulence measurements.
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GLOSSARY
ADIABATIC LAPSE RATE (F): The change in temperature for a given change in 
height in an adiabatic process is a constant.
r  = = - ^  = 0 . 9 8 ‘ C/ I 00mAh Cp
where g is the acceleration of gravity, and Cp is the specific heat at constant pressure. 
We may therefore state the following rule : If unsaturated air rises (falls) without 
receiving or losing heat it will cool (warm) approximately one Celsius degree for each 
100-metre change in height. This suggest part of the reason why the temperature 
decreases in the troposphere.
ADIABATIC PROCESS : A process in which no heat exchange between an air parcel 
and its surroundings occurs.
ADVECTION : The horizontal movements of air masses. For a specific location the 
greatest changes in temperature come through advection.
ARCSECOND: 1 arcsec = 4.8 microradians.
BOUNDARY LAYER : The layer of air directly above the earth’s surface in which 
the effects of the surface (friction, heating, cooling) are felt directly on time scales less 
than a day, and in which significant fluxes of momentum, heat or matter are carried 
by turbulent motions on a scale of the order of depth of the boundary layer or less.
COHERENCE (spatial) : The ability of a light beam to interfere with a spatially 
shifted version of itself.
Glossary
CONVECTION : The small scale vertical exchange of air parcels, driven either by 
buoyancy (thermal convection) or wind shear (mechanical convection). Thermal 
convection is usually assumed unless otherwise specified.
FRONT : The boundary between two air masses. Fronts are narrow zones in which 
the rate of change of air-mass properties with distance is large. Temperature is the 
principle property used to locate fronts.
INDEX OF REFRACTION (n) : The ratio of the speed of light in a vacuum to that 
in a specified medium. For air, n is of the order of 1.
INTENSITY (Irradiance) : The rate at which energy falls on or passes through unit 
ai'ea.
INVERSION : A layer of air in which the temperature increases with height instead 
of the normal decrease. If a parcel were displaced adiabatically up (or down) in an 
inversion it would be much cooler (or warmer) than the surrounding air and subjected 
to a very strong restoring force. Because of this, vertical motions are effectively 
prevented by an inversion.
JET STREAM : A narrow band of very strong winds at high altitudes, caused by 
thermal wind in the vicinity of a frontal zone. A typical jet stream has a core 200 km 
or less across and 3 km deep. The boundary of the core, where the wind speed 
changes rapidly with distance, is a region of high turbulence.
LAPSE RATE (y) : The rate of decrease with height of observed temperature as one 
goes upward in an air column.
POTENTIAL TEMPERATURE : The temperature a parcel of air would attain if it 
were to undergo an adiabatic compression or expansion until the pressure reaches 1000 
mb.
Glossary
SEEING : Full-width-half-maximum of the angular spread of a star. It also gives the 
angular resolution of a large telescope.
0  =  1 . 2 2  —^0
SOUNDING : The measurement of the properties of the atmosphere in the vertical.
SPECIFIC HEAT : If heat is added to a quantity of matter, the speed of molecules, 
and thus the temperature, is increased. This can be expressed by the equation
H = c  M (Tg -  T J
where H is the amount of heat added, M is the mass (amount of matter), T  ^and Tg are 
the temperatures before and after the heat was added, and c is a constant of 
proportionality that is called the specific heat of the substance. Gases are considered 
to have two specific heats, c^  and Cp, where Cy, the specific heat at constant volume, 
is less than Cp, the specific heat at constant pressure.
STABILITY : The ease with which air parcels move up and down relative to the 
surrounding air depends upon a property called stability. The stability of air columns 
or layers of air is of importance in connection with the occurence of turbulence. 
Assume that initially all of the parcels in the column are in equilibrium, that is, that 
the forces acting on them are in balance. When a parcel is not in equilibrium the 
unbalanced forces produce an accelaretion. The equilibrium of an opbject is stable, 
neutral, or unstable, depending on what would happen if the object were moved 
slightly. If the displacement of the object gives rise to forces that tend to bring it 
back to its original equilibrium position, the equilibrium is said to be stable. If the 
displacement leads to forces that tend to increase the displacement from the 
equilibrium position, the equilibrium is called unstable. If no forrces arise from the 
displacement, the equilibrium is neutral.
Glossary
TROPOAPAUSE : The level in the atmosphere where the temperature stops 
decreasing with altitude, and either stays constant or begins to increase. It separates 
the troposphere, where standaid meteorological phenomena occur, and the stratosphere, 
where the atmosphere is more stable to vertical displacements and is horizontally 
stratified.
Depending on the season, geographic location, and meteorological conditions, the 
altitude of the tropopause may range from as low as 6 km in the polar regions to 17 
km in the tropics. A conventional definition of this altitude is as follows: The lowest 
altitude (above the altitude of the 500-mbar level) for which the temperature lapse rate 
decreases to 2“C/km or less and for which the average lapse rate from this level to 
any point within the next 2 km does not exceed 2°C/km.
VISCOSITY : An emprically determined measure of the internal forces that oppose 
the deformation of the fluid.
WIND SHEAR : The variation of velocity with distance.
.........
